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Chapter 1 

 

 

General Introduction 
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The role of sphingolipid and sphingolipid transporters in membrane dynamics, inflammation and 

Alzheimer disease is the central topic of this thesis. 

This chapter serves as introduction on the relevant background concerning sphingolipids and their 

transporters in the context of pathophysiological events during inflammation and 

neurodegeneration. 

Sphingolipid metabolism  

Sphingolipids (SLs) belong to a class of lipids composed of a backbone of a long-chain sphingoid, 

identified in the brain as first described by prof. Thudichum in the late 19th century.   

Initially, SLs were categorized as molecules with a structural function, responsible for the physical 

properties of different cellular compartments, but the technological advancement of the 20th 

century in the study of lipids revealed specific biochemical properties of this class of lipids. Besides 

their function in structure, their metabolism and metabolic products have been linked to numerous 

cellular processes regulating cellular growth, differentiation, and cell apoptosis [1]. Nowadays, SLs 

such as ceramide, sphingomyelin (SM) and sphingosine 1-phosphate are thought to play an essential 

role as second messengers [2]. 

Ceramides are the central core of complex SLs. They are synthetized via three pathways through 

which the level of ceramide and other complex SLs produced in the cell can be controlled. The de 

novo pathway, a series of highly regulated reactions, takes place in the endoplasmic reticulum (ER) 

and the Golgi apparatus. Ceramide is synthesized from serine and then converted in the Golgi 

apparatus into complex SLs, such as sphingomyelin, Cer1-p or glycosphingolipids. Ceramides are also 

synthesized by the cells through two catabolic pathways: the hydrolytic and the salvage pathway. 

Both have the sphingomyelin as starting molecule, which can be hydrolysed in the cell membrane 

or in the endosomes respectively. 

Ceramide can also be hydrolysed to sphingosine, then phosphorylated to generate sphingosine 1 

phosphate (S1P), another central molecule in the physiology of SLs [3].  The metabolism of SLs is 

highly regulated by a tight, controlled network of proteins and enzymes permitting the formation of 

complex, physiologically important SLs. In this context, the ceramide transfer proteins (CERTs) are 

important as they are now being recognized as regulators of cellular Ceramide and SM balance. 
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Figure 1: Simplified schematic representation of the three pathways leading to the synthesis of 
ceramide. In the de novo synthesis pathway, serine palmitoyltransferase (SPT) generates 3-keto dihydrosphinganine by 

condensation of the precursor’s serine and palmitoyl-CoA. SPT product 3-keto dihydrosphinganine is subsequently converted 
into dihydrosphingosine by 3-keto dihydrosphinganine reductase (KDS). Dihydrosphingosine is the substrate of a family of 
acyl-CoA transferases, called ceramide synthases (CS) that metabolize dihydrosphingosine into dihydroceramide, which is 
subsequently converted to ceramide (Cer) by dihydroceramide desaturase (DES). Ceamider can be further degraded to 
sphingosine by ceramidases (CDases) or phosphorylated by ceramide kinase (CK) to produce ceramide-1-phospathe (C1P). 
Sphingosine can originate sphingosine-1-phosphate (S1P) through the activity of sphingosine kinases (SKs).  The reverse 
reaction catalyzed by Sphingosine N-acyltransferase (CerS)is called salvage pathway. Cer may also derive from the hydrolysis 
of sphingomyelin (SM) by sphingomyelinases (SMPDs), the opposite reaction is catalyzed by sphingomyelin synthases (SMSs). 
S1P and C1P can be dephosphorylated and re-converted to sphingosine and Cer by S1P phosphatases (SPPs) and C1P 
phosphatases (C1Pp) respectively.  

CERT Proteins 

While more details of SLs and their metabolites are clearer than before, the precise physiological 

function of SL-related proteins such as enzymes and transporters remain elusive. Of particular 

interest are the ceramide transfer proteins (CERTs), lipid-binding proteins influencing cellular lipid 

balance and homeostasis. 

CERTs are non-conventional serine threonine kinases able to bind and transfer ceramide from the 

ER to the Golgi apparatus in an ATP dependent manner. They participate in the de novo synthesis 

pathway and, therefore, contribute to the formation of complex SLs [4].  CERTs are encoded by the 

COL4A3BP gene and have at least 3 different isoforms due to differences in the translation initiation 

site. The second longest isoform was first discovered as a kinase specifically phosphorylating the N-

https://en.wikipedia.org/wiki/N-terminal
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terminal region of the non-collagenous domain of the alpha 3 chain of type IV collagen, known as 

the Goodpasture antigen, which is the target of autoantibodies in the Goodpasture syndrome [5].  

Hanada and colleagues subsequently uncovered another role of CERTs, namely the ability to bind 

ceramide and to carry it elsewhere [4]. This discovery has impulse the research on the metabolism 

of SLs since it elucidates not only its compartmentalization but also explains that a possible 

disturbance leads to detrimental effects. CERT proteins, in fact, are gaining interest in the field for 

their essential role in mediating diverse pathways in which it influences SLs metabolism and also 

interacts with immune reactions. 

CERTs are widely expressed in the CNS and they have been implicated in different neural pathways 

including processes underlying neurogenesis and neuronal death. [6] [7] [8]. In particular, point 

mutations of CERTs are associated with neurodevelopmental disorders and intellectual disability [9]. 

CERT-KO mice show physiological dysfunction [10] that is lethal at embryonic stage by decreasing 

SM level in the plasma membrane and increasing ceramide in the ER and mitochondria [11]. 

Moreover, CERTL (the long isoform of CERTs) is present in lipid rafts and can be secreted 

extracellularly [12] suggesting a potential role in controlling the membrane stiffness or participating 

in membrane signalling cascades. In addition, CERTL was found to partially co-localize with serum 

amyloid P component (SAP) and with amyloid plaques in Alzheimer’s disease (AD) brain. Moreover, 

it has been demonstrated that CERTs bind C1q, a mediator of the complement system and activate 

the complement cascade in apoptotic cells [13, 14]. All these findings strengthened the initial 

hypothesis that CERT is involved in immune response. Along these lines, overexpression of CERTs in 

the brain reduces the excess of inflammatory ceramide C16, shifting microglia phenotype into an 

anti-inflammatory state [8].  

All in all, it would be of great interest to know which pathways are modulated or triggered by the 

presence or lack of CERTs. Also, it would be important to know in which way CERTs, e.g. as 

transporters of lipids, or as immune modulator, are involved in the pathophysiology of AD. 

Sphingolipids and sphingolipid transporters in neuroinflammation and neurodegeneration 

The brain is highly enriched in SLs. As aforementioned, SLs are crucial for homeostasis and 

development of the central nervous system. Since the early phases of neurodevelopment, SLs 

influence the cell cycle, blocking nuclear division, and apoptosis. Moreover, it has been shown that 

they influence the formation of synapses, the cell-to-cell communication and cellular mobility, 

https://en.wikipedia.org/wiki/N-terminal
https://en.wikipedia.org/wiki/Antigen
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remodelling the membrane fluidity [15]. Those functions are maintained also in later stages of 

development (and during ageing) allowing the modulation of several cellular processes maintaining 

the physiological homeostasis [16].  

Recent evidence has shown a correlation between the disbalance of SLs and related proteins with 

neurodegeneration. Many neurodegenerative disorders such as AD, Parkinson’s disease (PD), 

Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) appear to have as common 

hallmark a disbalance in  the content of SLs [17]. 

Of particular interest, as revealed in many studies, is that changes in SLs appear early in AD 

suggesting a role in the onset and the progression of the disease. AD is a multifactorial, age-related 

disorder characterised by gradual cognitive decline which is thought to be underpinned by several 

molecular events leading to severe neurodegeneration. Aberrant accumulation of misfolded 

proteins, neuronal loss and neuroinflammation are only a few of the many molecular events that 

can be observed in AD [18]. Accumulating evidence points to the involvement of SLs in prodromal 

stages of AD. In fact, it has been shown that there is a correlation between the concentration of 

ceramide and amyloid β(Aβ) in the cerebrospinal fluid (CSF) and plasma of AD patients [19] [20].  

Lipidomic, proteomic and genomic data are in support of the hypothesis of a cause-and-effect 

relation between neurodegeneration and disbalance of SLs and their related molecules in AD 

diseased brains.  

In general, in AD brain, there is an excess of ceramide compared to SM and S1P that are usually 

downregulated [21]. In addition, it has been shown that protein-encoding genes and 

proteins/enzymes involved in the SL pathway are also altered in AD, suggesting that dysfunctional 

regulation of SLs metabolism and disbalance in the concentration of certain lipids can be the trigger 

of physiologically deleterious events leading to neurodegeneration [22]. 

Moreover, recent research has suggested a connection between the concentration of SLs in cells 

and tissues and the activation of pathways leading to inflammation, such as those involve in 

microglia activation, and in cytokine release [23] . 

Creating a comprehensive picture of all the processes involved is quite a challenge due to the 

complexity of the lipid molecules, the complex pathophysiology and the multifactorial nature of AD. 

Therefore, despite the ground-breaking work in the last years, the correlation between disbalance 

of SLs and AD and neuroinflammation remains insufficiently characterised. Therefore, due to these 

https://context.reverso.net/traduzione/inglese-italiano/a+sufficiently+comprehensive+picture
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unsolved research gaps, it is of fundamental importance to perform research on lipids and lipid 

transporters, also because they are actionable targets for potential new pharmaceutical strategies 

to prevent, attenuate or possibly reverse the pathophysiology of the neurodegenerative process. SL 

research is an attractive and active field of research, as its significant and undisputed implication in 

neurodegenerative diseases has been the focus of increasing interest. Understanding the crosstalk 

between neuroinflammation and SLs disbalance is likely to be of great importance for 

neurodegenerative diseases with implications for translational and clinical studies. 

Therefore, new research initiatives are needed to unravel the interconnection between these 

processes and to understand not only how the SL and SL-related proteins disbalance could possibly 

influence the neurodegeneration, but also how SLs and SLs transporters could be modulated and re-

stabilized in the attempt of trying to stop the disease. The study of new SL drug targets is the key 

focus of investigations leading to possible translational and clinical research applications aiming to 

slow or reverse the disease progression.  
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General objective 

SLs are building blocks of cells membranes influencing the composition of lipid rafts micro-domains, 

vesicle fusion, and secretion [24]. Furthermore, it has been shown that their metabolism produces 

bioactive second messengers regulating multiple cellular functions including signalling, apoptosis, 

immune function, and metabolism [2]. 

SLs are highly abundant in the brain while variations in their levels or in their metabolic products 

have been clearly linked to several brain disorders such as schizophrenia, and neuro-inflammatory 

and neurodegenerative diseases (Parkinson, Niemann-Pick disease, and amyotrophic lateral 

sclerosis) [17]. A highly regulated metabolism of SLs is essential to maintain the cellular homeostasis 

and preserve the intactness of the systems [25]. Importantly, CERTs, with their unique property to 

transfer ceramide between cellular membranes, influence the SL balance and regulate not only SL 

composition but also the cellular cascades they are involved in, both in physiological and patho-

physiological conditions [5, 8]. In AD, there is an increase in ceramide levels early during the disease 

process [26]. This increase of ceramide, results in a decreased concentration of SM, leading to a 

disbalance in SL metabolic products and in the enzymes/transporters regulating the formation of 

complex SLs [27, 28].  In fact, genomic and proteomic studies showed that the SL disbalance in AD 

is also associated with upregulated expression levels of genes involved in the formation of 

ceramide via de de novo pathway and SM cascades [29] [30]. In line with that, our group showed 

that CERTs, were downregulated in AD brain, implying that also their role in transferring ceramide 

from the ER to the Golgi to form SM might be disrupted during the disease. Consistently, this results 

in a disbalance of the SL pathway. Importantly, it is essential to assess the impact/contribution of 

this phenomenon on AD pathophysiology. For this reason, understanding to what extent CERTs can 

affect SL concentration and function in physiological conditions can help to understand its effect 

during the disease process. Moreover, in view of the abundance and importance of lipids in the 

homeostasis of the brain, and that prior focus in the study of DNA and protein alterations have not 

resulted in treatments for most neurodegenerative brain disorders, targeting lipids and specifically 

SLs to resolve neuroinflammation and neurodegeneration may be an original approach to be used 

for further studies of clinical relevance in a  similar approach as the fingolimod, a modulator of SLs, 

is used to treat multiple sclerosis (MS) [31]. The know how that this thesis will generate will, 

therefore, create an important impact not only for AD but also for other neurodegenerative and 

neuroinflammatory diseases such as PD and MS, which are characterized by a dysfunction of SLs 

[32].  
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I hypothesized that understanding the biological function of SLs in the brain can help to design new 

treatment strategies to target them when they are dysregulated during brain disease. 

The overall aim of my thesis was to deepen the knowledge on SLs and SL transporters in physiological 

processes and pathophysiological cascades during neurodegeneration and neuroinflammation in 

order to open new venues for both fundamental research and the development of clinical trials in 

this area. 

For this reason, we analysed the role that CERTs have in regulating ceramide concentration and 

vesicle formation. Chapter 2 reports my studies on CERT as a possible mediator of the direct 

transport of ceramide to endosomes at ER-endosomes contact sites. The process is regulated by the 

PH domain of CERT and PI4P generated by PI4KIIα in the endosomes. Considering the capacity of 

CERTs in binding ceramide, one of the main components of lipid rafts, Chapter 3 describes a newly 

developed method to visualize and monitor lipid rafts dynamics using antibodies targeting different 

isoforms of CERTs, strengthening the hypothesis that CERTs are ubiquitous proteins involved in 

diverse biological pathways. This chapter was conceived as a methodological chapter in order to 

facilitate the visualisation of lipid rafts with the use of antibodies. Taking into account, that CERTs 

are becoming significant proteins influencing several molecular processes in the brain, the work 

described in Chapter 4 focus on screening potential interactors of the different domains of CERTs in 

order to identify binding partners of CERTs, to understand better in which processes CERTs is 

involved. This chapter was designed to elucidate the role of CERTs not only as a mediator of SLs 

metabolism but also its role in neuro-inflammatory and neurodegenerative processes others than 

those mediated by SLs. We were able to detect several CERTs binding proteins involved in AD 

pathophysiology, inflammation and cellular homeostasis. Chapter 5 reports our review of the 

current state of knowledge regarding the role of SLs and their metabolites in neuroinflammatory 

processes with a focus on immune reactions and inflammation during AD. In particular, we highlight 

how SLs influence microglia and astroglia activation and oxidative stress modulation analysing the 

state of the art, gaps and limitation of the crosstalk between SLs and inflammation. Chapter 6 

reviews the current literature about the role of SLs and SL metabolites, as second messengers, in AD 

pathophysiology. Moreover, we assessed available molecules targeting SL metabolites as potential 

new drugs resolving AD pathology. Lately, as reported above, not only disbalance on SL 

concentration but also changes on expression level of SL related genes have been linked to AD 
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exacerbation. However, there is not an integrative approach yet to understand  in which extend SL 

related genes are altered during AD. Therefore, Chapter 7 describes an integrative approach to 

better understand the relationship between epigenetic and transcriptomic processes in regulating 

SL function in the middle temporal gyrus of AD patients. The epigenomic and transcriptomic 

approach used in this chapter highlights the importance of SL-related genes in AD, and may provide 

novel biomarkers and therapeutic alternatives to traditionally investigated biological pathways in 

AD. Chapter 8 encompasses a general discussion and conclusion of the thesis, with a focus on the 

limitations of the studies and further perspectives. Chapter 9 emphasizes the scientific impact and 

the importance of the studies developed in this thesis. 
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Abstract  

The formation of extracellular vesicles (EVs) is induced by the sphingolipid ceramide. How this 

pathway is regulated is not entirely understood. Here, we report that the ceramide transport protein 

(CERT) mediates a non-vesicular transport of ceramide between the endoplasmic reticulum and the 

multivesicular endosome at contact sites. The process depends on the interaction of CERT’s PH 

domain with PI4P generated by PI4KIIα at  endosomes. Furthermore, a complex is formed between 

the START domain of CERT, which carries ceramide, and the Tsg101 protein, which is part of the 

endosomal sorting complex required for transport (ESCRT-I). Inhibition of ceramide biosynthesis 

reduces CERT-Tsg101 complex formation. Overexpression of CERT increases EV secretion while their 

inhibition reduces EV formation and the concentration of ceramides and sphingomyelins in EVs. In 

conclusion, we discovered a function of CERT in regulating the sphingolipid composition and 

biogenesis of EVs, which links ceramide to the ESCRT-dependent pathway.  

Key words: extracellular vesicles, AlphaFold2, Tsg101, CERT, HPA-12, ceramide, sphingomyelin, ER-

endosome contact sites, PI4P, PI4KIIIβ, PI4KIIIβ-IN-10, PI4KIIα, NC03 
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2.1  Introduction 

The sphingolipid ceramide is important for extracellular vesicle (EV) formation in vitro and in vivo 

[1-4]. Generation of ceramide at the plasma membrane and/or at the endosomal system by the 

enzyme neutral sphingomyelinase 2 (N-SMase 2) regulates EV biogenesis [3, 4]. By breaking down 

sphingomyelin (SM), N-SMase 2 increases the membrane levels of ceramide, which favors 

membrane budding because of its peculiar cone-shaped structure [3]. This process is thought to be 

independent of the endosomal sorting complex required for transport (ESCRT), which consist of 

approximately twenty proteins assembling into four complexes (ESCRT-0, -I, -II and -III) that 

regulates cargo selection and biogenesis of EVs [5].. However, other enzymes in sphingolipid 

metabolism have been shown to regulate EV formation, such as sphingomyelin synthase 1 (SMS1) 

and sphingomyelin synthase 2 (SMS2) which convert ceramide into SM in the trans-Golgi and plasma 

membrane, respectively. When SMS1 transcription is silenced, cells increase the number of EVs  by 

about twofold [6]. Similarly, inhibition of SMS2 stimulates a remarkable fourfold increase of EV 

secretion [6]. Therefore, the accumulation of ceramide in the trans-Golgi and plasma membrane 

seems to regulate EV formation without necessarily invoking the activation of N-SMase-2. How 

these ceramide-dependent pathways are controlled remains poorly understood. Furthermore, it is 

still not clear how the lipid profile of EVs is regulated. In fact, the lipid composition of EVs is not 

identical to the lipid profile of the donor cells [7]. Interestingly, the EV membrane is particularly 

enriched in sphingolipids compared to the membrane of the donor cells [7]. How the sphingolipid 

composition is regulated in the endosome pathway and in EVs is yet to be investigated. 

The ceramide transfer protein (CERT) is an essential protein of the sphingolipid metabolism [8-11]. 

After ceramide is synthetized in the endoplasmic reticulum (ER), CERT extracts and relocates 

ceramide to the trans-Golgi where SM is synthesized [12, 13]. There are three functional domains 

of CERT involved in this process. The steroidogenic acute regulatory protein (StAR)-related lipid 

transfer START domain binds to ceramide and very poorly to other lipids such as diacylglycerols, 

which structurally resemble ceramide [11]. The pleckstrin homology domain (PH) targets 

phosphatidylinositol 4-monophosphate (PI4P), which is particularly enriched in the trans-Golgi [14, 

15]. Finally, the two phenylalanines in an acidic tract (FFAT) motif interact with the ER-resident 

protein VAMP-associated protein (VAP) [16]. Pharmacological displacement of ceramide from the 

START domain pocket with ceramide analogs such as HPA-12, or genetic mutation and inactivation 

of the of PH domain, rapidly reduces SM synthesis [17, 18]. HPA-12 displaces endogenous ceramide 

and occupies the amphiphilic cavity of the START domain of CERT preventing ceramide to be 
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shuttled to the trans-Golgi [18, 19]. Interestingly, Fukushima et al., proposed a model in which CERT 

mediates the release of EVs enriched in ceramide, under lipotoxic conditions [20]. Furthermore, 

Barman et al. just recently highlighted the role of CERT in the biogenesis of a unique subset of RNA-

containing EVs [21]. However, it remains unknown whether CERT plays a role in the EV machinery 

under physiological conditions and how CERT mechanistically participates in EV biogenesis.  

In this study, we show that CERT enters the endocytic pathway and is released in EVs. Translocation 

of CERT to the multivesicular endosome (MVE) is dependent on the interaction of CERT’s PH domain 

with PI4P at the MVE. We also discovered that a CERT-mediated transport of ceramide from the ER 

to late endosomes is regulated by PI4P generated by PI4KIIα. A complex is formed between CERT 

and tumor susceptibility gene 101 protein (Tsg101), which is part of the ESCRT-I complex. Inhibition 

of ceramide synthesis in the ER by Fumonisin B1 (FB1) reduces CERT-Tsg101 complex formation. 

Overexpression of CERT in neuronal cells increases EV secretion while functional inhibition of CERT 

with the drug HPA-12 reduces EV formation and the concentration of ceramide and SM in EVs. Our 

data indicate a crucial role of CERT in the biogenesis and regulation of ceramide and SM levels in 

EVs. We also provide for the first time evidence that CERT links ceramide to the ESCRT-dependent 

pathway for EV biogenesis.  

  

file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_18
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_19
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_20
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_21


23 
 

2.2  Materials and Methods 

Cloning, constructs and antibodies 

The human CERT (isoform 2, 1800bp, NCBI Reference Sequence: NM_NM_031361.3) and CERTL 

(isoform 1, 1875bp, NCBI Reference Sequence: NM_005713.3) were constructed in the pcDNA3.1 

plasmid, obtaining plasmids pcDNA3.1-CERT and pcDNA3.1-CERTL respectively. CERTL was also 

subcloned in the pEGFP-N1 plasmid to generate full length GFP tagged CERTL plasmid (FL-CERTL-

GFP) with the following primers: forward CAG ATC TCG AGA TGT CGG ATA ATC AGA GCT GGA ACT 

CGT CG and reverse CAT GGT ACC GCG AAC AAA ATA GGC TTT CCT GCA GT. The PH deficient CERT 

was cloned in the pEGFP-N1 plasmid (PH-deficient CERTL-GFP) with the following primers: forward 

CAG ATC TCG AGA TGA ATC CAG CTT GCG TCG ACA TGG CTC AAT GG and reverse CAT GGT ACC GCG 

AAC AAA ATA GGC TTT CCT GCA GT. For transfection, the pEGFP-N1 plasmid was used as a control 

vector. pcDNA3.1-CERT, pcDNA3.1-CERTL, FL-CERTL-GFP or PH-deficient CERTL-GFP were used for 

overexpression of CERT. The two isoforms, CERT and CERTL, had a similar effect on EVs biogenesis, 

which enabled us to use the two CERT isoforms interchangeably depending on the assay performed. 

A plasmid containing tdTomato-CD9 (AddGene, plasmid #58076) was used for colocalization studies 

at the MVE. Transfection was performed using Lipofectamine 3000 (ThermoFisher), Effectene 

Transfection reagent (Qiagen) or Polyethyleneimine.  

The labelling primary antibodies were used: anti-Alix mouse IgG (1:1000, Santa Cruz, 1A12), anti-

βactin mouse (1:1000, Santa Cruz, AC-15), anti-Calnexin goat IgG (1:100 for immunofluorescence 

(IF) Santa Cruz, C-20), anti-CD81 mouse IgG (1:100 for IF, and 1:500 for Western blotting, Santa Cruz, 

B-11), anti-CD81 rabbit IgG (1:100 for IF, Santa Cruz, H-121), anti-CERT rabbit IgG (1:500 for IF and 

1:2500 for Western blotting, Bethyl Laboratories, A300-669A), mouse monoclonal anti-CERTL 

antibody (clone 3A1H9) [22], anti-EEA1 mouse IgG (1:100 IF Santa Cruz, E-8), anti-Flotillin-2 mouse 

IgG (1:1000 for Western blotting,  BD Biosciences, 610383), anti-Flotillin-1 mouse IgG (1:1000 for 

Western blotting, BD Transduction Laboratories, 610820), anti-GFP mouse IgG (1:1000 for Western 

blotting, Santa Cruz, B-2), anti-GM130 mouse IgG (1:100, BD Biosciences), anti-LAMP1 mouse IgG 

(1:100 IF Santa Cruz, H4A3), anti-LBPA mouse IgG (1:300 IF, Echelon Bioscience), anti-N-Smase-2 

mouse (1:1000, Santa Cruz, G-6) and anti-Tsg101 mouse IgG (1:100 for IF and 1:1000 for Western 

blotting, Santa Cruz, C-2). The rabbit γ-immunoglobin (Jackson ImmunoResearch) was used as 

technical control in the PLA assay with anti-Tsg101 at a final concentration of 4 ng / µL. Secondary 

https://www.ncbi.nlm.nih.gov/nuccore/NM_031361.3
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antibodies were Cy2-conjugated or Alexa-647 donkey anti-mouse IgG, or Cy3-conjugated donkey 

anti-rabbit IgG, (1:500 Jackson ImmunoResearch).  

Yeast Two-Hybrid Analysis (Y2Hs) 

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S., Evry, France 

(http://www.hybrigenics-services.com).The coding sequence of the N-terminus (aa 1-116) of human 

CERT (NM_005713.3) was PCR-amplified and cloned into pB29 as an N-terminal fusion to LexA 

(CERT-Nter-LexA) and pB66 as a C-terminal fusion to the Gal4 DNA-binding domain (Gal4-CERT-

Nter). The coding sequence of the C-terminus (aa 397-624) of CERT was PCR-amplified and cloned 

into pB27 and pB66 as a C-terminal fusion to LexA (LexA-CERT-Cter) and the Gal4 DNA-binding 

domain (Gal4-CERT-Cter), respectively. The constructs were checked by sequencing and used as 

baits to screen a random-primed human adult brain cDNA library constructed into pP6 as described 

previously [23] [24], [25] [26]. The clones and colonies were screened and selected as previously 

described [30].The prey fragments of the positive clones were amplified by PCR and sequenced at 

their 5’ and 3’ junctions. The resulting sequences were used to identify the corresponding 

interacting proteins in the GenBank database (NCBI) using a fully automated procedure. A 

confidence score (PBS, for Predicted Biological Score) was attributed to each interaction as 

previously described [27]. 

Immunoassay for detection of the CERT-Tsg101 complex and complex modelling with AlphaFold2 in 

ColabFold 

ELISA. Maxisorp plates (Nunc, 423501, Biolegend) were coated with 2 μg / mL of recombinant 

human CERTL (rCERTL), produced as previously described [28], overnight at room temperature in 

0.1 M carbonate buffer (pH 9.6), 100 μL / well. The next day plates were washed with 0.005% Tween 

20 in PBS (washing buffer 200 μL / well) and blocked for 1 h at 37°C with 3% BSA in PBS 200 μL / 

well. Recombinant full length human Tsg101 (Origene, TP710086) was incubated for 1 h at 37°C in 

serial dilutions 1, 0.5, 0.25, 0.125, 0.0625 and 0.03125 μg / mL in incubation buffer composed by 

0.1% BSA in washing buffer 100 μL / well. After washing, 1 μg / mL of anti-Tsg101 mouse IgG (Santa 

Cruz, C-2) was incubated for 1 h followed by washing and anti-mouse-HRP donkey IgG (Jackson 

ImmunoResearch) diluted in incubation buffer to 0.1 μg / mL. After developing with 3,3′,5,5′-

Tetramethylbenzidine (TMB) the absorption was measured at 450 nm within 15 min of stopping the 

reaction with 2M H2SO4 using Synergy H1 (BioTek) multi-mode microplate reader. Wells coated 
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with 2 μg / mL Ovalbumin were used as technical control. When coating with rTsg101 (1 μg / mL, 

100 μL / well) detection of rCERTL (serial dilutions 2, 1, 0.5, 0.25,  0.125, 0.062, 0.031.μg / mL) was 

performed with anti-CERTs rabbit IgG (Bethyl Laboratories, A300-668A, epitope 1-50) or anti-CERTs 

rabbit IgG (Bethyl Laboratories, A300-669A, epitope 300-350) followed by anti-rabbit-HRP donkey 

IgG (Jackson ImmunoResearch).  

AlphaFold 2 in CoLabFold. In the open source Google CoLabFold platform the human FASTA 

sequence of the START domain (Uniprot ID: |Q9Y5P4|389-618) and UEV domain of human Tsg101 

(Uniprot ID: |Q99816| 2-145) were pasted in the query sequence box and the complex prediction 

was run with the following advance settings: msa mode: Mmseqs, model type AlphaFold2-multimer, 

pair mode unpaired+paired and number of recycles were set to 12 as suggested [29]. Here we report 

only the output of the best ranked model. The output consists of: 1) the schematic structure colored 

by polymers chain, 2) schematic structure colored by predicted Local Distance Difference Test 

(pLDDT) and the predicted aligned error (PAE) [29]. pLDDT value close to 100 (darker blue areas in 

pLDDT schematic structure) represent alignments with high confident prediction. Nevertheless, the 

PAE (or the predicted Tmscore, which is derived from PAE) are better to assess the confidence of 

the predicted complex structure. Very low PAE score are associated with high confidence predictions 

[29]. The 3D structure and the color surface electrostatic potential of the complex were created with 

UCSF ChimeraX version: 1.3 [30]. 

Animals 

C57BL/6 wild type (WT) mice were bred in-house. Animals were socially housed under a 12 h 

light/dark cycle in individually ventilated cages. Food and water were provided ad libitum 

throughout the study. Neonates P0 were used to generate primary neurons as explained in the 

section below. HPA-12 was dissolved in ethanol and further diluted in Dulbecco’s Phosphate-

Buffered Saline (DPBS) without calcium and magnesium (Corning, MA, USA) to reduce ethanol 

concentration to 5%, which is well tolerated by mice [31]. HPA-12 was administered 

intraperitoneally (IP) at the dose 2 µg / g animals given every 48 h. The vehicle (5% ethanol in DPBS) 

was used as a control. The volume injected per animal was adjusted to 0.2 mL and administered 

with insulin syringes. Two-month-old mice, 10 females and 10 males, were equally divided in vehicle 

control or HPA-12-treated group. All experiments using mice to generate primary cell cultures or 

drug testing were carried out according to an Animal Use Protocol approved by the Institutional 

Animal Care and Use Committee at the University of Kentucky. 
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Cell culture 

Neuro-2a (N2a) were obtained from ATCC (CCL-131™) and maintained at 37°C and 5% CO2 

atmosphere in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Invitrogen, CA, USA) 

supplemented with 10% fetal bovine serum (FBS) (Corning, MA, USA) and 100U / mL penicillin-

streptomycin (hyClone, GE Healthcare, UT, USA). For immunocytochemistry, N2a cells were seeded 

on poly-L-lysine (Milipore-Sigma, MT, USA) coated coverslips at 50,000 cells/coverslip. Cells were 

gradually deprived of serum for 2 to 3 days to allow for differentiation into a neuronal phenotype 

before immunostaining.  

HeLa wild type (WT) and HeLa CERT-deficient (TAL-CE#14)[17] were a kind gift from Prof. Kentaro 

Hanada, Department of Biochemistry and Cell Biology, National Institute of Infectious Diseases, 

Tokyo, Japan. Cells were maintained in DMEM supplemented with 10% FBA and penicillin-

streptomycin. 

Primary neurons were cultured from wild type neonates (P0) as previously described [28]. In brief, 

the cortical area was digested with 0.25% Trypsin in HBSS (Corning, MA, USA) for 15 min at 37º C 

and the reaction stopped with pre-warmed plating medium, DMEM (Gibco, Invitrogen, CA, USA) 

containing 10% FBS and N2 supplement. Then, the cell suspension was passed through a 40 µm cell 

strainer, spun down, and cells seeded in plating medium for 4 h. The plating medium was replaced 

with Neurobasal medium supplemented with B27 supplement, Penicillin/Streptomycin, L-

glutamine, and cells cultivated for 10-14 days. Every other day, half of the Neurobasal medium with 

supplements was replaced. 

Incubation of cells with Fumonisin B1, PI4KIIIβ-IN-10, NC03, anti-HPA-12, syn-HPA-12 and Cer 

18:1/16:0 

Fumonisin B1 (FB1) was purchased from Enzo Lifesciences and a stock solution (10 mM) prepared in water. FB1 

was used in cells at a final concentration of 10 µM for 24 h. The compound PI4KIIIβ-IN-10 was 

purchased from MedChemExpress and a stock solution of 50 µM was prepared in water and stored 

at -20°C. PI4KIIIβ-IN-10 was used in cells at a final concentration of 25 nM for 24 h. The PI4KIIα 

inhibitor NC03 was purchased from Aobious and dissolved in DMSO. NC03 was used at a final 

concentration of 10 or 5 µM. Both HPA-12 stereoisomers were synthesized as previously reported 

[32] and dissolved in ethanol. anti-HPA-12 and syn-HPA-12 were added to the cells at a 

concentration of 4 or 8 µM for 24h. Before incubating of cells, FB1, PI4KIIIβ-IN-10, NC03 anti-HPA-
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12, syn-HPA-12 were diluted in DMEM phenol red-free medium (Gibco, Invitrogen, CA, USA) without 

serum and supplemented with L-glutamine and 100U / mL penicillin-streptomycin (hyClone, GE 

Healthcare, UT, USA). The solution of Cer d18:1/16:0 2% dodecane in ethanol was dissolved in 

DMEM phenol red-free medium with supplements as listed above and 0.34 mg / mL of defatted 

bovine serum albumin (Sigma). Cells were incubated for 24 h with 5 µM of Cer d18:1/16:0 alone or 

with 8 µM of syn-HPA-12. 

Immunofluorescence Labelling 

N2a or neuronal cells, prepared as described above, were fixed with ice-cold 4% PFA in PBS for 10 

min, permeabilized with 0.25% Triton-X in PBS for 5 min and blocked with 3% BSA in PBS for 1 h. 

Primary antibodies were diluted in incubation buffer 0.3% BSA in PBS at 4 °C overnight. The next 

day, cells were washed 3-times with PBS and incubated with secondary antibodies for 1 h at 37 °C. 

Coverslips were mounted using Fluoroshield supplemented with DAPI (Sigma-Aldrich) to visualize 

the nuclei. Fluorescence microscopy was performed using an Eclipse Ti2-E inverted microscope 

system or Nikon A1R Confocal Microscope (Nikon, New York, USA). Images were processed and 

analyzed using Nikon NIS-Elements software equipped with a 3D deconvolution program and 

particle analyzer.  

Proximity ligation assay 

N2a or neuronal cells were cultivated on coverslips and transfected with Lipofectamine P3000 

(ThermoFisher) and tdTomato-CD9, pcDNA3.1-CERTL or FL-CERTL-GFP plasmid or treated with the 

drugs FB1 and HPA-12. After 24 h, cells were fixed and permeabilized as described above. The 

primary antibodies, anti-CD81 rabbit and anti-CERTL mouse IgG or anti-Tsg101 mouse and anti-CERT 

rabbit IgG, were incubated overnight. Rabbit γ-immunoglobin was used as technical control. The 

next day, cells were washed with PLA labelling buffer prior to the PLA reaction following the 

manufacturer’s manual (Duolink). Images obtained with only one primary antibody or using rabbit 

IgG and both secondary antibodies for PLA were used as negative controls to correct for background 

fluorescence signals. Photomicrographs were acquired in multiple planes at different depths and a 

maximum intensity projection was created for counting of PLA signals and DAPI staining (for cell 

counts) with particle analyzer of Nikon software. 
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Analysis of Phdeficient-CERTL-GFP and FL-CERTL-GFP cell distribution 

N2a cells on coverslips were transfected with Phdeficient or FL-CERTL-GFP for 24-48 hours with 

Effectene Transfection reagent (Qiagen). Then, cells were fixed and permeabilized as described 

above. The primary antibodies to detect Golgi, early and late endosome were incubated overnight. 

The subcellular distribution was analyzed in multiplane z-stack images acquired on confocal 

microscope Nikon A1R Confocal Microscope (Nikon, New York, USA). Before determining the 

quantity of colocalization of the green channel (CERTL-GFP) with the magenta channel (GM130, 

EEA1 or LPBA) by Pearson’s correlation coefficient, the images were deconvolved with Nikon NIS-

Elements software.  

Analysis of BODIPY FL C5-Cer redistribution to Golgi and MVE/LE 

For BODIPY FL C5-Cer (BODIPY™ FL C5-Ceramide complexed to BSA, ThermoFisher) transport to the 

Golgi and MVE/LE, HeLa WT or CERT-deficient cells were plated onto bottom glass 6 wells plates 

with 14 mm micro wells (Cellvis P06-12-0-N). For the Golgi transport, on the day of the experiment 

cells, were pre-treated with PI4KIIIβ-IN-10 (25 nM and 50 nM) and NC03 (5 and 10 µM) for 15 min. 

Next, cells were incubated on ice for 20 min with 0. 5 µM BODIPY FL C5-Cer in phenol red and serum-

free DMEM, and the excess fluorescent dye was removed by washing with serum-free DMEM. Next, 

BODIPY FL C5-Cer was allowed to be distributed in cells for 10-15 min at 37°C before cells were fixed 

in 2.5% PFA and 2.5% glutaraldehyde. For the MVE/LE transport, HeLa WT or CERT-deficient cells 

were transfected with a fusion construct of Rab7a and TagRFP (CellLight™ Late Endosomes-RFP, 

BacMam 2.0, ThermoFisher) 24 hours before incubation with BODIPY FL C5-Cer. The distribution of 

BODIPY FL C5-Cer was analyzed with the Eclipse Ti2-E inverted confocal microscope using a 100x 

objective. A minimum of 4 images with 9-13 planes in Z-direction were acquired for each condition 

and deconvolved before quantifying Golgi mean fluorescent intensities (MFI) or BODIPY FL C5-Cer 

correlation to late endosomes-RFP. MFI and correlation were assessed with the Nikon analyzer 

software. 

Incubation of cells with fluorescent HPA-12-NBD and bifunctional pacHPA-12 

Fluorescent HPA-12 (HPA-12-NBD) was synthesized as previously described [33]. The synthesis of 

bifunctional HPA-12 (pacHPA-12) is described in Supporting Information. HPA-12-NBD and pacHPA-

12 were dissolved in ethanol at 1.77 and 5.5 mM, respectively, and stored at -80 °C.  
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N2a cells were seeded on coverslips or 6 well glass bottom plates (Cellvis, Mountain View, CA). The 

following day, cells were transfected with tdTomato-CD9 plasmid for 24-48 hours. Then, the medium 

was changed to a medium containing 1 µM HPA-12-NBD and immediately live-imaged by fluorescent 

microscopy using a 60x objective. 

The bifunctional HPA-12 analog (pacHPA-12) was used following the protocol previously published 

for the bifunctional Cer analog (pacFACer) [34]. In brief, cells were incubated with 1 µM pacHPA-12 

for 15- or 30-min. Cells were washed with medium and then irradiated with UV light (366 nm) for 

15 min to cross-link the analog to CERT. Then, cells were washed with culture medium to remove 

unbound analog and 3-times with cold DPBS, fixed, and permeabilized as described above. The 

fluorophore, Alexa Fluor 647 azide was covalently linked to the alkyl group of pacHPA-12 using the 

Click-iT™ Cell Reaction Buffer Kit (Thermo Fisher, MA, USA). Next, cells were co-labelled for MVE 

markers, e.g., CD81. Coverslips were mounted and imaged by fluorescence microscopy. 

EV isolation 

Cell culture supernatants. Evs were isolated from cell culture supernatants by differential 

ultracentrifugation. N2a cells were grown to 80-90% confluency and medium replaced with phenol 

red- and serum-free DMEM medium (Gibco, Invitrogen, CA, USA) and cultivated for 48 h. The media 

were transferred to a 15 ml Falcon conical tube and centrifuged at 300 x g for 5 min to remove 

floating cells. Supernatants were collected and centrifuged for 20 min at 4,000 x g to remove dead 

cells and at 10,000 x g for 40 min to collect larger Evs. Lastly, samples were transferred into 

polypropylene centrifuge tubes (Beckman Coulter, CA, USA), balanced and ultra-centrifuged at 

100,000 x g for 2 h. Pelleted Evs were resuspended in 0.1 mL DPBS (Corning, MA, USA). Alternatively, 

two additional approaches were performed: i) after the 4,000 x g centrifugation step, Evs were 

isolated with ExoEasy Maxi kit (Qiagen, MD, USA) following the manufacturer’s instruction; ii) or 

after the 100,000 x g centrifugation step, a discontinuous sucrose gradient was used. The gradient 

formed by 10, 30, 40 and 60% sucrose was spun for 16 h at 100,000 x g. The four fractions 

corresponding to each interface were collected. All fractions were diluted 1:5 in DPBS and 

centrifuged again for 2 h at 100,000 x g. Pellets were dissolved in 0.1 mL of DPBS. The interfaces at 

10-30% and 30-40% sucrose were positive for the EV marker Alix1. 

Serum. Blood was collected as previously described [35]. In brief, blood was drawn from the heart 

and was allowed to clot at room temperature for 30 min. Next, samples were centrifuged at 1,800 
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x g for 10 min at 4 °C. to prepare the serum fraction. The clear upper layer (serum) was transferred 

to a fresh tube and centrifuged at 10,000 x g for 15 min to pellet residual blood cells. Then Evs were 

isolated from 150 µL of serum using ExoQuick solution (EXOQ; System Biosciences, Inc., Mountain 

View, CA, USA). The ExoQuick preparation was used for NTA measurement and lipid analysis or 

further purified with sucrose gradient and NTA measurements repeated.  

Brain tissue. Brains were collected soon after the blood was drawn from the heart. Then, the 

forebrain was dissected in ice cold PBS and snap-frozen in liquid nitrogen inside an Eppendorf 

previously weighed. Evs were isolated as previously described with modifications [36]. In brief, 

frozen forebrain was digested with papain for 20 min at 37°C and passed through a 10 mL serological 

pipette before the reaction was stopped on ice with proteinase inhibitors. Then, the solution was 

sequentially centrifuged as follows: 300 x g for 5 min, 4,000 × g for 20 min, and 10,000 x g for 40 

min. Before precipitating the Evs at 100,000 x g, the solution was filtered using a 0.45 µm membrane 

filter. The precipitate was dissolved in 5% sucrose in DPBS and loaded onto a discontinuous gradient 

formed by 10, 30, 40 and 60% sucrose in DPBS. The gradient was spun for 16 h with at 100,000 x g. 

Four fractions were collected corresponding to each interface. All fractions were diluted 5-fold in 

DPBS and centrifuged again for 2 h at 100,000 x g. Pellets were dissolved in 0.3 mL DPBS.  

Alternatively, after the 10,000 x g centrifugation and 0.45 µm filtration, Evs were collected using the 

ExoEasy Maxi kit (Qiagen) following the manufacturer’s instructions. 

Nanoparticle Tracking Analysis (ZetaView) and ExoView 

ZetaView. Nanoparticle Tracking Analysis was performed using a Zetaview instrument. All samples 

were diluted in DPBS (Corning, MA, USA) before injection into the instrument. Measurement 

concentrations were determined by pre-testing the ideal particle per frame value (100–200 

particles/frame). Optimal camera settings were initially established and kept constant throughout 

the analyses (Sensitivity: 150-250; Shutter: 74-76; cell temperature: 25°C). After capture, the videos 

were analyzed by the built-in ZetaView Software. The Evconcentration was normalized to the 

number of cells measured by an automated cell counter (TC20 Biorad), volume of serum, or by tissue 

weight. 

ExoView. Brain Evs were diluted in Solution A (NanoView bioscience, EV-SOLA10-30) while serum 

Evs were loaded without purification or dilutions steps. 40 µL of sample were incubated O.N. at RT 

on pre-scanned ExoView Tetraspanin chips, placed in a sealed 24-well plate. The chips contained 
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spots printed with anti-CD81, or anti-CD9 antibodies or mouse IgG1κ matching isotype antibody, 

used as a control for non-specific EV binding (NanoView bioscience, EV-TETRA-MI). Chips were then 

moved to an automated ExoView® CW100 Chip Washer and the tetraspanin program was selected. 

The following antibody mixture was used to label Evs: anti-Ceramide labelled with anti-rabbit IgG 

conjugated to Alexa 647 using the Zenon™ Rabbit IgG Labeling Kit (ThermoFisher), anti-CD81 

conjugated 555 (NanoView bioscience, EV-mCD81-A-555) and anti-CD9 conjugated 488 (NanoView 

bioscience, EV-mCD9-A-488), all of them diluted in blocking solution. Chips were then imaged with 

the ExoView R100 reader using the ExoScan 3.0 acquisition software. Images acquired were 

analyzed using ExoViewer 3.0 software. 

Electron microscopy 

HeLa WT cell were grown on Costar® 6-well Clear (3506) to 100% confluency, fixed in 4% PFA in PBS 

for 45 min and permeabilized for 10 min with 50% Ethanol. After washing with PBS, cells were 

blocked with 3% BSA for 1 h and the anti-CERT antibody (Bethyl Laboratories, A300-669A) was 

incubated O.N. at 4°C. Next day anti-rabbit IgG Alexa Fluor® 647 Fluoro (1.4nm)Nanogold 

(Nanoprobes) was incubated for 2 hours. Then samples were washed 3x in PBS, post-fixed with 1% 

glutaraldehyde in PBS (10 min) rinsed with deionized water 2x and HG Silver enhancement kit 

(Nanoprobes, 2012-45ML) was performed following manufacturer instruction. Samples were rinsed 

in deionized water and lastly with PBS.  Next, samples were incubated with 0.2% osmium tetroxide 

in PBS (30 min on ice), rinsed with deionized water and exposed to 0.25% Uranyl acetate for 1 h on 

ice to better preserve immunogold labelling [37]. Finally, samples were dehydrated at room 

temperature in a graded series of ethanol (4 min interval) at 50%, 70%, 90%, and 3 changes of 100%, 

and were embedded after 2 changes of 100% resin for 45–60 min in 60 °C oven. Polymerization was 

allowed to proceed for 2 days. Embedded cells were separated from the plastic culture ware, 

trimmed and ~70 nm sections were cut with microtome and mounted on FCF-200-Cu grids. Brain-

derived EV were fixed in 2% PF and 5-7 µL were loaded on FCF-200-Cu grids for 1 min and stained 

with 1% uranyl acetate for 10 seconds. After excess of uranyl acetate was removed samples were 

dried before imaging. Images were acquired using a Thermo Scientific™ Talos™ F200X TEM 

operating at 200 kV accelerating voltage in STEM mode. Low beam current and long dwell times (50 

μs) were used to maximize contrast while minimizing beam damage. 
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Cytosolic and membrane-bound protein extraction 

Cells were washed with ice-cold DPBS, trypsinized and centrifuged at 300 x g for 5 min at 4°C. The 

cell pellet was resuspended in 0.5 mL ice-cold homogenization buffer containing 250 mM sucrose, 

1 mM EDTA, 10 mM Tris-HCl buffer at pH to 7.2, and Halt™ Protease Inhibitor Cocktail (Thermo 

Fisher, MA, USA) and sonicated using a probe sonicator. The homogenate was centrifuged at 700 x 

g for 10 min at 4°C to remove intact cells, nuclei and cell debris. The supernatant was further 

centrifuged at 100,000 x g for 1 h at 4°C. The supernatant was considered the cytosolic fraction and 

the pellet was resuspend in 0.5 mL RIPA buffer (250 mM Tris-HCl (pH 7.4), 750 mM NaCl, 5% NP-40, 

2.5% sodium deoxycholate, 0.5% SDS) and incubated for 15 min at 4°C with occasional vortexing. 

Lastly, the sample was centrifuged at 100,000 × g for 30 min at 4°C and the supernatant was 

transferred to a fresh tube and considered the membrane fraction. 

Immunoblot analysis 

Evs derived from equal amounts of cells, serum or brain were solubilized with 5X Laemmli sample 

buffer (10% SDS, 250 mM Tris pH 6.8, 1 mg / mL bromophenol blue, 0.5 M DTT, 50% glycerol, 5% β-

mercaptoethanol) and heated to 95ºC for 5 min. When protein extraction from cells or brain was 

not prepared by fractionation as explained above protein were extracted in RIPA buffer. Proteins 

were separated using SDS-PAGE gels (8 or 10%) or pre-cast gels 4-20% (mini-PROTEAN TGX, Biorad) 

and transferred to nitrocellulose membranes. After blocking with 5% NFDM (Blotting-grade blocker, 

Biorad) for 1 h, blots were probed with primary antibodies overnight at 4°C and incubated with an 

HRP-conjugated secondary antibody. The membranes were developed with Clarity Western ECL 

Substrate (Biorad) or SuperSignal™ West Femto Substrate (ThermoFisher) and images were 

acquired on a ChemiDoc imaging system (Biorad). 

Sphingolipid analysis 

The sphingolipid analyses on cells and cell-derived Evs were performed by the VCU 

Lipidomics/Metabolomics Core (VLMC). Cell pellets and 100k fractions were analyzed for the 

following sphingolipids: sphingosine, sphinganine, sphingosine-1-phosphate, sphinganine-1-

phosphate, ceramide (N-acyl chain lengths = C14:0, C16:0, C18:1, C18:0, C20:0, C22:0, C24:1, C24:0, 

C26:1, C26:0), monohexosylceramide (N-acyl chain lengths = C14:0, C16:0, C18:1, C18:0, C20:0, 
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C22:0, C24:1, C24:0, C26:1, C26:0) and SM (N-acyl chain lengths = C14:0, C16:0, C18:1, C18:0, C20:0, 

C22:0, C24:1, C24:0, C26:1, C26:0). 

The sphingolipids of serum and brain-derived Evs were measured by to the lipidomics core facility 

at the Medical University of South Carolina, Charlston, SC (Dr. Besim Ogretmen, director) 

(https://hollingscancercenter.musc.edu/) as previously described [38, 39]. 

Statistical analysis 

The statistical analyses were performed using GraphPad Prism version 8.4.3 (686). Unpaired t-test 

was used for comparing of two means or Whitney Mann test when normality distribution was not 

met. One-way ANOVA followed by Sidak’s or Dunnett’s multiple comparisons test was used for 

comparing more than 2 conditions or for investigating HPA-12 effect across ceramide or SM species. 

A p-value of <0.05 was considered significant.  
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2.3  Results 

CERT is associated with MVE and interacts with Tsg101 via the START domain. 

It has been reported that CERT is important for EV secretion under palmitic acid overload state in 

hepatocytes [20]. However, it remains unknown whether CERT plays a role in EV formation under 

physiological conditions and how mechanistically CERT participates in EV biogenesis.  

Immunofluorescence labeling in N2a cells showed partial colocalization of CERT with Early 

Endosome Antigen 1 (EEA1) and lysobisphosphatidic acid (LBPA), which are markers for early and 

late endosomes/MVE (Figure 1A). A similar pattern was found with primary cultured mouse 

neurons (Supplementary Figure 1A). CERT also colocalized with other MVE markers such as the 

cluster of differentiation 9 (CD9) (Supplementary Figure 1B). To analyze whether CERT is released 

in association with small EVs, we isolated EVs from the culture medium of N2a cells at 90-100% 

confluency by using ultracentrifugation on a discontinuous sucrose gradient. The majority of CERT 

was enriched in the same fraction as the exosomal marker protein Alix (Figure 1B). 

Since we found CERT to be part of the MVE and EVs, we tested if CERT interacted with the proteins 

of the ESCRT complex. Therefore, we screened for possible interactors by using a two-hybrid system 

with the PH domain, the middle region (comprising the SR and FFAT motifs) and the START domain 

of CERT, as separate baits. We found that CERT interacted with two proteins (Tsg101 and UBAP1) 

via the START domain (Table 1). The PH domain interacted with VAMP1, a protein which has been 

implicated with EV formation (Table 1). Both Tsg101 and UBAP1 are part of the ESCRT-I complex [40, 

41]. To confirm Tsg101-CERT interaction to be physiologically relevant, we performed a proximity 

ligation assay (PLA), which yields an in situ fluorescence signal for proteins that are closer than 30-

40 nm, suggesting that they form a complex [34]. N2a cells were transfected with a tdTomato-CD9 

plasmid and then subjected to PLA following incubation with anti-Tsg101 (mouse) and anti-CERT 

(rabbit) antibodies. Figure 1C shows perinuclear PLA signals, indicating that TSG101 and CERT form 

a protein complex in tdTomato-CD9 positive intracellular vesicles. These results were corroborated 

in mouse primary neurons and astrocytes (Supplementary Figure 1C-D). No positive signals were 

found when performing PLA only with anti-Tsg101 antibody and rabbit IgG as controls. The kinetic 

of CERT and Tgs101 interaction was established by ELISA using full length human rCERTL and 

rTgs101. The rTsg101 concentration at which the reaction rate achieved half of its maximal value 

(Km) was 3.59 nM (Figure 1D). Also, the reverse set-up with rTsg101 immobilized to ELISA plate and 
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detection with rCERTL gave positive signal confirming complex formation between Tsg101 and CERT. 

Of notice, the polyclonal antibody anti-CERT against the first 50 amino acids gave slower kinetics 

compared to antibody anti-CERT against epitope 300-350 (Supplementary Figure 1E). Since the 

interaction between Tsg101 and CERT involved the START domain, which binds to ceramide, we 

determined whether the complex formation was regulated by ceramide. Interestingly, the PLA 

signals for the Tsg101-CERT complex, were reduced when cells were treated with Fumonisin B1 

(FB1), which inhibits ceramide biosynthesis in the ER (Figure 1E-F). Lastly, we modeled the complex 

using AphaFold2 in CoLabFold which predicted, with high confidence, the structure of the complex 

between the human START domain of CERT, and the human UEV domain of Tsg101 (Figure 1G).  

Of note, even though it was not detected by the two-hybrid system as interaction partner of CERT, 

immunocytochemistry showed that the tetraspanin like cluster of differentiation 81 (CD81) can be 

found in close proximity to CERT as indicated by PLA signals. CD81 is a transmembrane protein which 

takes part in forming the tetraspanin-enriched microdomains (TEM) [42]. TEM have been proposed 

to play a role on EV biogenesis and sorting of EV cargo [42, 43]. As for Tsg101 and CERT, the PLA 

positive signals, between CERT and CD81, were reduced when cells were treated with FB1 

(Supplementary Figure 1F-G).  

These data indicate that CERT enters the endosomal pathway and is released in EVs. Furthermore, 

CERT physically interacts with Tsg101 via the START domain and this interaction requires ceramide 

biosynthesis in the ER. 

Overexpression of CERT induces EV formation and secretion. 

The discovery that CERT is found in EVs and forms a protein complex with Tsg101 prompted us to 

investigate whether CERT is actively taking part in EV biogenesis. To answer this question, N2a were 

transfected with a control vector expressing GFP or pcDNA 3.1-hCERT expressing human CERT. 

Overexpression of CERT increased the cytosolic and membrane-bound CERT levels (Supplementary 

Figure 2A). Consistent with our hypothesis that CERT participates in EV formation, overexpression 

of CERT increased EV numbers released by N2a cells. NTA measurements showed that both, the 10K 

and 100k EV fraction isolated by ultracentrifugation were increased significantly by CERT expression 

after 48 h transfection (Figure 2A). The particle size distribution profile appeared to be different only 

in the 10K EV fraction, which displayed more than one peak in the particle size distribution upon 

transfection with the pcDNA3.1-hCERT (Supplementary Figure 2B).  
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To confirm the NTA results, 100k EVs were subjected to Western blot for quantitation of the EV 

markers Tsg101, Alix and Flotillin-2, the levels of which were significantly increased after 

overexpression of CERT (Figure 2B). Furthermore, the concentration of CERT in EVs precipitated at 

100k was 3.7x higher with CERT-transfected cells after normalization to Flotillin-2 compared to 

control vector condition, suggesting that the increment of EV secretion was associated with increase 

of CERT levels per EV (Figure 2C). In the cytosolic and membrane fractions of cells, no difference was 

found between the control vector and pcDNA3.1-hCERT in Tsg101, CD81 and N-SMase-2 levels 

(Supplementary Figure 2C-D). 

To explore if the increase of EVs mediated by CERT expression was caused exclusively by increase of 

SM levels entering the trans-Golgi network to the plasma membrane, we inhibited N-SMase-2 with 

the drug GW4869 after transfection with pcDNA3.1-hCERT. We found that GW4869 did not 

completely reverse the increase of EV secretion mediated by CERT expression (Figure 2D). 

Additionally, when inhibiting SMS1/2 with D609, the number of EVs increased of about 4-fold and 

CERT was down-regulated in EVs and cells (Figure 2E-F). This suggests that EVs produced by 

ceramide generated by N-SMase-2 and SMS1/2 are an alternative pathway to CERT-mediated EVs 

formation.  

To determine whether overexpression of CERT was associated with increased complex formation 

between Tsg101 and CERT, we quantified PLA signals after transfecting N2a cells with control vector 

or FL-CERTL-GFP. We found that FL-CERTL-GFP transfected cells showed an increased number of 

positive PLA signals compared to control vector-transfected cells (Figure 2G).  

These data indicate that CERT is participating in EV biogenesis by interaction with the ESCRT-

dependent pathway machinery and not only by providing the substrate SM to N-SMase-2 and/or 

ceramide to SMS2. 

The PH domain is necessary for CERT to enter the endocytic pathway and for redistribution of 

ceramide to MVE. 

The trans-Golgi network and the early endosome create a hub where protein cargo and sphingolipid 

profile of EVs are likely determined. Therefore, we tested if sorting of CERT to the MVE requires the 

protein to anchor the trans-Golgi via the PH domain, a protein domain binding to PI4P [44]. We 

generated a plasmid containing cDNA encoding PH-deficient CERTL tagged to GFP as described in 

Material and Methods. After transfecting N2a cells with PH-deficient-CERTL-GFP or full length (FL)-
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CERTL-GFP, the distribution of the GFP-tagged protein was tracked by confocal microscopy. Cells 

grown on coverslips were immunolabeled to quantify the levels of CERTL specifically in the Golgi 

region (anti-GM130), early endosome (EEA-1) and late endosomes (anti-LBPA). As expected, the FL-

CERTL-GFP protein strongly colocalized with the Golgi, while the PH-deficient-CERTL-GFP protein 

was more diffused in the cytosol (Figure 3A). Quantification of the green fluorescent intensity 

emitted by CERTL-GFP in the Golgi co-immunolabeled with GM130 was significantly higher 

compared to PH-deficient-CERTL-GFP (Figure 3B). The removal of the PH domain also significantly 

reduced the association of early and late endosome immunolabeling with CERTL-GFP fluorescence 

(Figure 3C-F). Furthermore, the CERT-deficient HeLa cell line which expresses a truncated form of 

CERT, missing the PH domain, dysplayed a reduced number of small EVs compared to the HeLa WT 

cell line (Supplementary Figure 3A-C), absent BODIPY FL C5-Cer distribution to the Golgi region and 

diminished redistribution of BODIPY FL C5-Cer to the MVE labelled by Rab7a and TagRFP (Figure 3G-

H).  

This data indicates that the PH domain is critical for CERT to enter the endocytic pathway and for 

ceramide to be translocated to the MVE. 

PI4P produced by PI4KIIα controls CERT-mediated ceramide transport from the ER to the MVE and CERT-

mediated EV formation. 

It has been reported that the ER forms contact sites with the MVE [45]. Furthermore, a direct lipid 

transport between the ER and MVE has been described at membrane contact sites [46]. Since we 

found that CERT-deficiency reduces ceramide translocation to the MVE we explored if this was a 

consequence of a reduction of ceramide transfer to the Golgi apparatus or by a reduction of 

ceramide transfer (CERT-mediated) between ER and endosomes.  

The ceramide transport to the Golgi apparatus is regulated by the interaction of the PH domain of 

CERT with PI4P generated by PI4IIIβ kinases [44, 47]. Pharmacological inhibition of PI4 kinases 

reduces SM generation, which is dependent on CERT function [44, 48]. This reduction is most likely 

due to the depletion of PI4P, which decreases CERT engagement to the trans-Golgi and limits SM 

production. Firstly, with HeLa WT cells we tested if the highly specific PI4KIIIβ inhibitor, PI4KIIIβ-IN-

10[49],  reduced CERT-dependent ceramide transport from the ER to Golgi by tracking BODIPY FL 

C5-Cer. HeLa cells were used for better visibility of BODIPY FL C5-Cer transport and for comparison 

to CERT-deficient cells which completely lack this transport. As expected, the PI4KIIIβ inhibitor 

reduced BODIPY FL C5-Cer redistribution to the Golgi (Supplementary Figure 3D-E). Meanwhile, we 
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hypothesized that CERT-mediated transport of ceramide between the ER and MVE, was controlled 

by the interaction between the PH domain of CERT and PI4P generated by PI4KIIα at endosomes. In 

HeLa WT cells we found CERT to be located in the proximity of the ER-MVE contact sites by confocal 

microscopy and TEM (Figure 4A-C). Additional TEM images localizing CERT at the limiting membrane 

of MVE are reported in Supplementary Figure 3F. Next, to test that CERT transports ceramide from 

the ER and to the MVE, we specifically inhibited PI4KIIα with the drug NC03 [50]. To employ a dose 

of NC03 that was not affecting the PI4P levels in the Golgi, we traced BODIPY FL C5-Cer redistribution 

and tested different concentrations of NC03 in HeLa WT cells. We found that 5 µM (or lower 

concentration) of NC03 did not affect BODIPY FL C5-Cer redistribution to the Golgi (Figure 4D and 

E).  

Next, in N2a cells, we investigated the effect of the PI4KIIIβ and PI4KIIα inhibitors on EV biogenesis. 

The number of EVs was reduced in cells treated with PI4KIIIβ and PI4KIIα inhibitors (Figure 4F-G), 

while the levels of the EV marker Flotillin-1 remained unchanged in cell lysate (Supplementary Figure 

3G). It is important to highlight that PI4KIIIβ-IN-10 and NC03 had no effect on the EV number in 

CERT-deficient HeLa cells, confirming that PI4KIIIβ and PI4KIIα inhibitors mode of action are 

dependent on CERT function (Supplementary Figure 3H). Furthermore, by mass spectrometry we 

found that only the PI4KIIα inhibitor  reduced the C16:0 ceramide content in EVs (Figure 4H).  

This data indicates that there are two pathways for CERT mediated EV biogenesis: one which is 

determined by CERT engaging the Golgi apparatus which is regulated by PI4KIIIβ and a second which 

is controlled by the interaction of the PH domain of CERT with PI4P produced by PI4KIIα in 

endosomes. Furthermore, the PI4KIIα dependent pathway determines the ceramide content in EVs. 

CERT inhibitor HPA-12 reduces formation and sphingolipid content of EVs. 

We used HPA-12, a CERT inhibitor first described by Hanada [18], to further study the effect of CERT 

on EV biogenesis. HPA-12 has to be in (1R,3S) configuration to successfully dock ceramide from the 

START domain of CERT [51]. Racemic preparation or other configurations like (1R,3R)-

diastereoisomer are 4-20 times less potent in cell-free competition assays for the START domain 

[32].  

Firstly, to study cell uptake and distribution of HPA-12, we designed and synthesized the fluorescent 

and photoactivatable analogs of HPA-12, NBD-HPA-12 and pacHPA-12. Incubation of N2a cells with 

fluorescent HPA-12 (NDB-HPA-12) showed instantaneous cell uptake and colocalization with 
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transiently expressed tdTomato-CD9 (Figure 5A). A fluorescent signal was detected in the 10K and 

100k EV fractions after 24 h incubation with NDB-HPA-12 (Supplementary figure 4A). When using 

the bio-orthogonal form of HPA-12 (pacHPA-12), we detected intracellular colocalization between 

pacHPA-12 conjugated to Alexa Fluor 647 azide by click chemistry and immunolabeled CD81 

(Supplementary figure 4B). Taken together this data implies that is HPA-12 is found in proximity of 

the MVE and is released in association with EVs. 

The IC50 of HPA-12 was previously established in a cell-free assay to be 4 µM [32]. Incubation for 48 

h with HPA-12 reduced 100k EVs release dose-dependently, and only in the most active 

stereochemical configuration, syn-HPA-12 (Figure 5B). To confirm a reduction of EV secretion, we 

performed Western blots for CD81 and Tsg101 in the 100k EV fractions (Figure 5C). No differences 

in Tsg101 was found in the cell lysate (Supplementary figure 4C). 

It has been reported that HPA-12 reduces SM synthesis by interfering with the CERT-mediated 

ceramide transfer from the ER to the trans-Golgi [18]. However, the effects on ER-to-MVE transfer 

and ceramide and SM content in EVs are not known. Cell pellets and the 100k EV fractions were 

analyzed for sphingolipids. In the 100k EV fraction, the content of ceramide, SM, sphingosine and 

sphinganine were significantly reduced (Supplementary Figure 4D). In particular, ceramide 

d18:0/16:0 and SM d18:0/16:0 levels were reduced by incubation with syn-HPA-12 (Figure 5D). Our 

data indicated that HPA-12 had no significant impact on monohexosylceramides, ceramide and SM 

determined in the cell pellet (Supplementary Figure 4E). In addition, sphingosine and sphinganine, 

as well as their phosphorylated forms were unchanged (Supplementary Figure 4E). When N2a cells 

were co-incubated with exogenous ceramide d18:0/16:0 and HPA-12, EV numbers were restored 

(Figure 5E). This was confirmed by Western blot for CD81, Tsg101 and Alix (Figure 5F).  

We also tested if HPA-12 interfered with the interaction between CERT and Tsg101 by treating cells 

with or without HPA-12 for 24 h. The number of positive PLA signals per cell was significantly 

reduced in the HPA-12 treated cells (Figure 5G-H).  

This data suggests that HPA-12 interference with ceramide transport reduces the formation and 

sphingolipid content of EVs. Furthermore, HPA-12 interferes with CERT-Tsg101 complex formation 

probably by displacing ceramide from the START domain. 
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HPA-12 decreases total ceramides levels in blood circulating EVs and total SM levels in brain-derived 

EVs  

Previously, we have determined that HPA-12 crosses the blood brain barrier and reaches the brain 

parenchyma intact, suggesting that it is bioavailable for CERT in the brain  [52]. To investigate if HPA-

12 could reduce numbers and ceramide content in brain EVs, we administered the drug for 1 week 

every other day at a dose of 2 µg / g body weight (Figure 6A).  

The drug had no effect on the body weight (Supplementary Figure 5A). After 7 days of treatment 

with vehicle or HPA-12, NTA analysis of EVs isolated from serum, using the ExoQuick precipitation 

method, showed no difference in EV numbers between groups (Figure 6B). When further purifying 

the ExoQuick samples through a sucrose gradient the number of EVs were similar in vehicle and 

HPA-12 groups (Supplementary figure 5B). However, the ceramide content, as measured in the 

ExoQuick preparation, was reduced in the HPA-12-treated group (Figure 6C). These findings were 

confirmed by ExoView where serum-derived CD81+ and CD9+ EVs were counted (Figure 6D). In 

addition, the levels of ceramide positive EVs in CD81+ particles were significantly reduced (Figure 

6E). 

The EVs were isolated from the brain by discontinuous sucrose gradient or the ExoEasy kit as 

explained in the Method section. The number of EVs was determined in the fractions enriched with 

CD81 (interface 10% - 30% and 30% – 40%). The homogeneity/purity of the EV preparation was 

confirmed by Western blot and TEM (Supplementary Figure 5C and D). The numbers of EVs, 

normalized by tissue weight, were similar in the HPA-12 treated group compared to the vehicle 

group (Figure 6D). A similar result was obtained with the ExoEasy purification method after 

enumeration by NTA and ExoView (Supplementary Figure 5E and 5F). While the content of SMs was 

reduced in the HPA-12 treated group, the ceramide levels were similar (Figure 6G-H). This data 

suggests that in vivo, CERT inhibition with HPA-12 may not affect the total number of EVs, but it 

changes the EV sphingolipid composition by reducing ceramide and SM.  
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2.4  Discussion 

In this study, we provide several lines of evidence that CERT plays a role in the biogenesis and 

regulation of the sphingolipid composition of EVs. CERT enters the endocytic pathway and is 

released in association with EVs. Furthermore, CERT transfers ceramide from the ER to the 

endosome at contact sites. This ceramide transport is regulated by the interaction of the PH domain 

of CERT with PI4P produced by PI4KIIα in endosomes. Furthermore, a complex is formed between 

the START domain of CERT, which binds to ceramide, and Tsg101, which is part of the ESCRT-I 

complex. Inhibition of ceramide biosynthesis in the ER reduces the number of CERT-Tsg101 

complexes per cell, while overexpression of CERT increases the number of CERT-Tsg101 complexes 

and number of EVs. Consistently, functional inhibition of CERT with HPA-12 reduces CERT-Tsg101 

complexes, EV numbers and sphingolipid content of EVs. All together our data suggest two routes 

by which CERT regulates EVs: the indirect pathway via the trans-Golgi network and the direct 

pathway via ER-endosomes contact sites.  

The trans-Golgi network and the early endosome create a hub where the protein cargo and 

sphingolipid profile of EVs are likely determined [53]. We show that CERT partially colocalized with 

the early and late endosomes. This finding agrees with the observation made by Fukushima et al., 

on hepatocytes showing that CERT was distributed to the MVE [20]. Our data show that the 

recruitment of CERT to the endosomal pathway and MVE is dependent on PI4P production. The PH 

domain of CERT has a high affinity for PI4P-embedded in phospholipid membranes, which are typical 

domains of the Golgi membranes [44, 54]. The pool of PI4P required for CERT to anchor to the trans-

Golgi region is primarily generated by PI4KIIIβ [48]. Removal of the PH domain of CERT reduced the 

distribution of CERT to the Golgi apparatus, and early and late endosomes. Additionally, inhibition 

of PI4KIIIβ reduced EV release. This suggests that the generation of PI4P and its interaction with the 

CERT PH domain is necessary for CERT association and biogenesis of EVs. Figure 7 shows that this 

indirect pathway of CERT for EV formation is probably associated with SM production at the trans-

Golgi and the activity of other enzymes such as N-SMase-2, SMS1 and SMS2, which are known to 

regulate EV biogenesis [3]. In fact, inhibition of the PI4P pool in the Golgi also reduces transfer of 

ceramide to the Golgi and SM production. 

In contrast to the indirect pathway, the direct pathway of CERT for EV formation does not require 

SM production or other enzymes of the sphingolipid pathway (Figure 7). In fact, we discovered a 

direct ceramide transport mediated by CERT at ER-endosomes contact sites. The regulation of this 
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transport is likely dependent on the interaction of the PH domain of CERT with PI4P produced by 

PI4KIIα in endosomes. During remodeling of early endosomes to late endosomes, PI4P levels 

increase significantly in late endosomes [55], providing CERT an anchor to transport ceramide from 

the ER to late endosomes. The PI4P formed in endosomes is generated mainly by PI4KIIα and not 

PI4KIIIβ [56]. In fact, specific inhibition of PI4P generation in endosomes reduced redistribution of 

ceramide in EVs and the number of EVs released. However, we cannot completely exclude that there 

might be other binding partners through which CERT engages the endosomes and that there might 

be other regulators in addittion to PI4KIIα which controls CERT recruitment to the endosomes. Our 

data suggest a new role of ceramide in EV biogenesis. We show that ceramide  biosynthesis regulates 

the formation of the complex between Tsg101 and the START domain of CERT. Thus, the inhibition 

of ceramide biosynthesis reduced CERT-Tsg101 complexes. This was further confirmed using HPA-

12 which interfered with CERT-Tsg101 complex formation by probably displacing endogenous 

ceramide from the START domain. Upon CERT overexpression, the number of EVs and CERT-Tsg101 

complexes increased. This ceramide-dependent pathway did not seem to be dependent on N-

SMase-2 or SMS2. Therefore, the increase of EV production, upon CERT overexpression, may be 

triggered by enrichment of ceramide in EVs or by ceramide acting as a “switch-on” inducing complex 

formation between CERT and Tsg101. 

How sphingolipids are enriched in EVs is not completely understood. However, ceramide levels in 

EVs are highly important in disease condition [57]. Recently, Dichlberger et al., found that the 

ceramide interacting protein, lysosome associated protein transmembrane 4B (LAPTM4B), regulates 

the glycosphingolipid composition of small EVs [58]. Interestingly, LAPTM4B deficiency increased 

glycosphingolipids in the EVs, leaving ceramide unaffected even though LAPTM4B regulates the 

subcellular distribution of ceramide [58]. In our study, when the ceramide transporter function of 

CERT was inhibited with HPA-12, not only EVs were decreased in numbers, but also in their content 

of ceramide, SM, sphingosine and sphinganine, while glycosphingolipids were poorly affected. In 

particular, Cer d18:0/16:0 and SM d18:0/16:0 levels were reduced by HPA-12 treatment: This result 

agrees with the observation of Fukushima et al, showing that CERT mediated enrichment of EVs with 

Cer d18:1/16:0 under lipotoxic stress in hepatocytes. Consistently, downregulation of CERT reduced 

the Cer d18:1/16:0 content in EVs [20]. In other studies, Cer d18:1/16:0 overload in neurons or in 

muscle, under disease conditions, such as diabetes and Alzheimer’s disease (AD), was rescued by 

overexpression of CERT, suggesting that CERT may control cellular ceramide levels through EV 

release [28, 59]. Notably, Barman et al. discovered that downregulating VAP, which anchors CERT 

file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_55
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_56
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_57
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_58
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_58
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_20
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_28
file:///C:/Users/Caterina%20Giovagnoni/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/V98HLOKO/Crivelli%20et%20al_main%20manuscript%20revised%20no%20track%20changes%20v2.docx%23_ENREF_59


43 
 

to the ER, not only reduces EV secretion but also a unique subset of RNA-containing EVs [21]. This 

finding suggests a role of CERT in packaging of RNA in EVs as well. 

These findings open-up new intervention strategies to control the number and ceramide content of 

EVs in disease condition. EVs have been proposed as the “Trojan horses of neurodegeneration” [60]. 

For instance, in AD, the release of amyloid-β (Aβ) peptides by EVs may be involved in the slow 

progression of the disease, similarly to prion proteins that mediate their intercellular transfer via 

EVs [61]. While great attention has been given to the protein and RNA cargo of EVs, the lipid 

composition of the EVs is poorly studied [57]. Our group showed that EVs enriched in ceramide 

contribute to Aβ aggregation and neurotoxicity in vitro and in the brain of AD mice models [62, 63]. 

Furthermore, reduction of ceramide generation  by inhibition or genetic deficiency of N-SMase2 

reduced EV formation and plaque numbers, and improved cognition in vivo in a transgenic model of 

AD [1, 2]. Therefore, investigation of drugs with the dual action of reducing EV numbers and reducing 

ceramide content in EVs could potentially give rise to new treatments for neurodegenerative 

diseases where ceramide-enriched EVs play a role. When administering HPA-12 intraperitoneally to 

mice for a week every other day, the number of EVs in brain and blood were not significantly 

affected. However, ceramide and SM were reduced in blood- and brain-derived EVs, respectively. 

Therefore, our study unravels a novel mechanism underlying the function of ceramide and CERT in 

EV biogenesis. This mechanism of N-SMase-2-independent, but Cer/CERT-dependent EV formation 

will also offer a novel pharmacological target to manipulate EV biogenesis and lipid composition, 

which is important for our understanding of the physiological and pathophysiological function of 

EVs and development of disease therapies. 
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2.5  Conclusion 

In conclusion, we report that CERT enters the endocytic pathway and is sorted to the MVE where a 

complex is formed between CERT and Tsg101, which is promoted by ceramide biosynthesis. CERT 

mediates a direct transport of ceramide between the ER and late endosomes/MVE at contact sites 

which determines the ceramide content of EVs. Translocation of ceramide-associated CERT to the 

MVE and biogenesis of EVs is potentially regulated by the interaction between the PH domain of 

CERT and PI4P generated by PI4KIIIβ in the Golgi apparatus or PI4KIIα in endosomes. Overexpression 

of CERT in neuronal cells increases EV secretion while inhibition of CERT with the drug HPA-12 

reduces EV formation and the concentration of ceramide and SM in EVs. Our data support a novel 

function of CERT in regulating the biogenesis and sphingolipid composition of EVs, which links 

ceramide to the ESCRT-dependent pathway. 
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2.8 Figures and tables 

 

Figure 1. CERT is associated with the MVE and interacts with Tsg101. A) Confocal photomicrograph of 

fluorescent labelling of CERT (green) showing partial colocalization/juxtaposition (white) with EEA1 or LBPA 

(magenta) in N2a cells. Scale bar 5 µm. B) CERT detected by immunoblot in the same fractions of Alix after EV 

purification by sucrose gradient ultracentrifugation 0.29-1.75M. C) Confocal photomicrograph of PLA assay 

(green) in tdTomato-CD9 (red) transfected N2a cells indicating complex formation between Tsg101 and CERT 

(arrow). DAPI (blue) was used to stain the nuclei. Scale bar 5 µm. D) Binding kinetics of rTsg101 to immobilized 

rCERTL measured by ELISA. The Michaelis-Menten constant (Km) equaled 5.59nM with Vmax equal to 22.7nM. 

E) Representative photomicrographs of Tsg101 and CERT PLA signals (red), after treatment with vehicle and 10 

µM FB1. Scale bar 5 µm. F) Box and Whiskers plots of 14-23 pictures per condition, of n = 3 independent 

experiments, showing PLA signals normalized to the number of nuclei (blue). Unpaired t-test (*p<0.05). G) 
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AlphaFold2 highest ranked structure prediction of the complex between (a) the human START domain of CERT 

(green A) and the human UEV domain of Tsg101 (chain colored in light blue B). In (b) the colored polymers 

based on pLDDT (score = 93.3) and in (c) PAE plot (pTMscore = 0.742). In (d) the 3D structure of the complex 

(START domain in green A and UEV domain in magenta B) and in (e) the color surface electrostatic potential of 

the complex.  

 

Figure 2. Overexpression of CERT induces EV formation and secretion. A) Numbers of EVs in the 10K and 100k 

EV fractions measured by NTA after pcDNA-hCERT transfection. Box and Whiskers plot represent N=6 / group. 

B) Quantification of Tsg101, Alix and Flotillin-2 by Western blots. Bar graphs represent average +/-SEM of N=6 

/ group. C) Enrichment of CERT in 100k EV fraction after transfection with pcDNA-hCERT. Intensities of bands 

corresponding to CERT were normalized to Flotillin-2. Bar graph represents average +/-SEM with N= 3 / group. 

D) The 100k EVs numbers measured by NTA after pcDNA-hCERT transfection and co-treatment of N-SMase2 

inhibitor GW4869 (15 µM). Box and Whiskers plot represent N=4-9/ group. One-way ANOVA, Sidak’s posthoc 
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testing (*p<0.05; ***p<0.001; ****p<0.0001). E) The 100k EV numbers measured by NTA after treatment with 

D609 (50 µM). Bar graph represents average +/-SEM with each N=3 / group. F) Quantification of CERT by 

immunoblots after treatment with D609 (50 µM) in EVs and cell lysate. Bar graph represents average +/-SEM 

with each N=3 / group. G) Representative photomicrographs of Tsg101 and CERT PLA signals (red), after 

transfection with control vector (green) or FL-CERTL-GFP (green). Scale bar 5 µm. Box and Whiskers plot of three 

independent experiments including a total of 16 pictures / condition showing PLA signals normalized to the 

number of nuclei (blue). Unpaired t-test (*p<0.05). 
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Figure 3. The Interaction of PI4P with the PH domain is necessary for CERT to enter the endocytic pathway 

and for redistribution of ceramide to the MVE. A) Confocal photomicrographs displaying partial colocalization between 

PHdeficient-CERTL-GFP or FL-CERTL-GFP and the Golgi, immunolabeled with anti-GM130. Scale bar 5 µm. B) Correlation 

coefficient of fluorescence intensities of PHdeficient-CERTL-GFP or CERTL-GFP and GM130 (Golgi apparatus) immunolabeling. 

Bar graph represents +/- SEM of 9 photomicrographs per condition. Unpaired t-test was applied, ***p<0.001. C) Confocal 

photomicrographs displaying colocalization between PHdeficient-CERTL-GFP or CERTL-GFP and early endosome, 

immunolabeled with anti-EEA1 antibody. Scale bar 5 µm. D) Correlation coefficient of fluorescence intensities of PHdeficient-

CERTL-GFP or CERTL-GFP and EEA1 immunolabeling. Bar graph represents average +/- SEM of 9 photomicrographs per 

condition. Unpaired t-test was applied, **p<0.01. E) Confocal photomicrographs displaying colocalization between 

PHdeficient-CERTL-GFP or CERTL-GFP and late endosomes, immunolabeled with anti-LBPA antibody. Scale bar 5 µm. F) 

Correlation coefficient of fluorescence intensities of PHdeficient-CERTL-GFP or CERTL-GFP and LPBA immunolabeling. Bar 

graph represents mean +/- SEM of 9 photomicrographs per condition. Unpaired t-test was applied, ***p<0.001. G) Confocal 

photomicrographs showing BODIPY FL C5-Cer redistribution to the LE/MVE In HeLa-WT and HeLa CERT deficient cell line. H) 

Pearson’s correlation of fluorescence intensities of BODIPY FL C5-Cer and RFP-LE  Whiskers plot represent average +/-SEM of 

N=  photomicrographs / group. Unpaired t-test was applied, ****p<0.001. I) 
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Figure 4. PI4P produced by PI4KIIα controls a direct ceramide transport from the ER to the MVE and CERT-

mediated EV generation. A) Confocal photomicrographs displaying immunolabeled CERT (red) partially colocalizing with 

the ER immunolabeled with Calnexin (green) and MVE immunolabeled with LBPA (magenta) at contact s ites. B) Linescan 
analyses with fluorescence intensities of the ER (Calnexin), MVE (LPBA) and CERT along the arrow shown in A. C) TEM image 
of Immunogold labeling of CERT in the limiting membrane of MVE and in proximity to ER. Arrow shows labeling on limiting 
membrane of MVE.D) Confocal photomicrographs showing BODIPY FL C5-Cer redistribution to the Golgi region without or 
with PI4KIIα inhibitor (NC03) 10 µM or 5 µM. HeLa CERT-deficient cell line was used as negative control.  E) Quantification of 
the relative MFI measured at the Golgi region after BODIPY FL C5-Cer incubation in absence or presence of 10 µM or 5 µM of 
PI4KIIα inhibitor. Bar graphs represent average +/-SEM of N= 8-18 / group. One-way ANOVA, Tukey’s posthoc testing 



57 
 

(*p<0.05; **p<0.01) F) Number of EVs in the 100k fraction measured by NTA after 24 h incubation with vehicle, 50 nM of 
PI4KIIIβ inhibitor or with 5 µM of PI4KIIα inhibitor (NC03) . Bar graph represent average +/ -SEM of N=3 / group. One-way 
ANOVA, Sidak’s posthoc testing (*p<0.05; **p<0.01). G) Quantification of Flotillin-1 by Western blots. Bar graphs represent 
average +/-SEM of N=3 / group. H) Cer d18:1/16:0 and SM d18:1/16:0 levels measured in the 100k x g EV fraction or cell 
lysate after after 24 h incubation with vehicle, 50 nM of PI4KIIIβ inhibitor or with 5 µM of PI4KIIα inhibitor (NC03). Bar graph 
shows average +/-SEM with N=3/ group. One-way ANOVA, Sidak’s posthoc testing (*p<0.05).  
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Figure 5. CERT inhibitor HPA-12 reduces production and sphingolipid content of EVs. A) Fluorescent HPA-12 

(HPA-12-NBD) chemical structure. Single plane photomicrograph of fluorescence live microscopy of HPA-12-NBD-treated 

(green) and tdTomato-CD9 (red) transfected cells showing partial colocalization. Scale bar 10 µm. B)  100k EV numbers 

measured by NTA and normalized to cells after 24 h treatment with syn-HPA-12 or the less potent stereoisomer anti-HPA-

12. Bar graph shows average +/-SEM of N=3/group. One-way ANOVA, Tukey posthoc testing (*p<0.05). C) Quantification of 

CD81 and Tsg101 by Western blots. Bar graph show average +/-SEM of N=4/ group. One-way ANOVA, Tukey posthoc testing 

*p<0.05. D) Cer d18:1/16:0 and SM d18:1/16:0 levels measured in the 100k EVs fraction. Bar graph shows average +/ -SEM 

with N=3/ group. Unpaired t-test (*p<0.05). E)  100k EVs numbers measured by NTA and normalized to cells after 24 h 

treatment with syn-HPA-12 and/or Cer d18:1/16:0. Bar graph shows average +/-SEM with N=3/ group. One-way ANOVA, 

Tukey’s posthoc testing (*p<0.05). F) Quantification of CD81, Tsg101 and Alix by Western blots. Bar graph shows average +/-

SEM of two independent experiments with each N=4/ group. One-way ANOVA, Tukey’s posthoc testing *p<0.05. G) 

Representative photomicrographs of Tsg101 and CERT PLA signals after treatment with vehicle or synHPA-12 (8 µM). Scale 

bar 10 µm. H). Box and Whiskers plot of PLA signals normalized to the number of nuclei of three independent experiments 

including a total of 12-20 pictures / condition. Unpaired t-test (***p<0.001). 
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Figure 6. HPA-12 decreases ceramide levels in blood circulating EVs and total SM in brain EVs. A) Animals were 

treated with HPA-12 for 7 days. Dose was given intraperitoneally every other day. EVs were isolated from serum and brain. 

B) NTA measurement of EVs isolated from serum with ExoQuick. Box and Whiskers plot represents the distribution of 10 

animals per condition. C) Quantification of ceramide, S1P, sphingosine and sphinganine by mass spectrometry in EVs isolated 

from serum with ExoQuick. Bar graph represents average +/-SEM with each N=3/ group. Unpaired t-test (*p<0.05). D) 

Representative particle counts on different CD81 and CD9 capture spots. Bar graph represents average +/-SEM. for three 

capture spots of N = 4 (pooled) / group of two chips. E)  Representative images for ceramide detection in CD81+ EVs. 

Representative particle counts on different of ceramide + EVs. Bar graph represents average +/-SEM. for three capture spots 

of N = 4 (pooled) / group of two chips.F) NTA measurement of EVs isolated from brain with sucrose gradient in fractions 

enriched with Alix1. Box and Whiskers plot represents the distribution of 10 animals per condition. E) Quantification of SMs 

C14:0, C16:0, C18:0, C18:1, C20, C20:1, C22:0, C24:0, C24:1, C26:0, and C26:1 by mass spectrometry of brain EVs. B ar graph 

represents average +/-SEM with each N=3-5/ group. One-way ANOVA followed by Sidak’s multiple comparison (**p<0.01). 
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F) Quantification of ceramide, S1P, sphingosine and sphinganine by mass spectrometry of brain EVs. Bar graphs represent 

average +/-SEM with each N=4-5/ group. Unpaired t-test (p=0.061). 
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Figure 7. Schematic representation of CERT function for EV biogenesis. There are two routes for CERT-

mediated EV biogenesis. The indirect pathway via the trans-Golgi network which is regulated by PI4P generated by PI4PIIIβ 

and involves SM production. This pathway is related to SMS1, SMS2 and N-Smase-2 dependent EV formation. The direct 

pathway is located in ER-endosomes/MVE contact sites. The enzyme PI4PIIα regulates CERT transfer of ceramide to the MVE. 

At the MVE, a complex is formed by Tsg101 and CERT, which requires ceramide.  
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Table 1. List of interactors of CERTL domains associated to EVs biogenesis.  

 

The number of clones (# clones) represents the number of times the protein emerged during Y2HS screening. For each 

interaction, a PBS was computed to assess the interaction reliability. This score represents the probability of an interaction 

to be non-specific, primarily based on the comparison between the number of independent prey fragments found for an 

interaction and the chance of finding them at random. 

  

CERTL domain Screening Interactor_Protein name Gene ID # Clones PBS score Reference  

  PH domain (N-terminal) Gal 4 VAMP1 6843 1 D [40] 

START domain (C-terminal) Gal 4 UBAP1 51271 2 C [41] 

  LexA Tsg101 7251 2 D [64] 
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2.9  Supplementary Information 

Supplementary figures 

 

Supplementary Figure 1. The complex formation between CD81 and CERT requires ceramide biosynthesis. A) 

Confocal photomicrograph of fluorescence labeling of CERT (green) showing partial colocalization with EEA1 or LBPA (red) in 

neuronal cells. Neurons are identified by MAP-2 staining (grey). Scale bar 10 µm. B) Photomicrograph of fluorescence labeling 

of CERT (green) showing partial colocalization with immunolabeled CD9 (red). Nuclei were stained with DAPI (blue). Scale bar 

5 µm. C) Photomicrograph of PLA (green) assay in primary neurons transfected with tdTomato-CD9 (red) showing proximity 

between Tsg101 and CERT. Neurons are identified by MAP-2 staining (grey). Scale bar 10 µm. D) Photomicrograph of PLA 

(green) assay in primary astrocytes showing proximity between Tsg101 and CERT. Scale bar 10 µm. E) Binding kinetics of 
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rCERTL to immobilized rTsg101 measured by ELISA. The complex was detected with anti-CERT antibody against epitope 300-

350 (CERTL serial dilutions 2, 1, 0.5, 0.25,  0.125, 0.062, 0.031.μg / mL)  and 1-50 (CERTL serial dilution: 2, 1, and 0.5). G) 

Representative photomicrographs of CD81 and CERT PLA signals after treatment with vehicle or FB1. PLA signals were 

detected by fluorescence microscopy with a 60x objective. Scale bar 5 µm. G) Box and Whiskers plot of two independent 

experiments including a total of 14-18 pictures / condition of 3 independent experiments reporting PLA signals normalized 

to the number of nuclei in the field of view, stained with DAPI. Whitney Mann U test (*p<0.05).  

 

Supplementary Figure 2. Overexpression of CERT increases cytosolic and membrane levels of CERT without 

altering Tsg101, CD81 or N-SMase2 protein levels. A) Quantification of CERT in the cytosol and membrane fraction by 

immunoblotting after transfection with control vector and pcDNA-hCERT transfection. The β-actin bands were used for 

normalization. Bar graph represents average +/-SEM of N=3 / group. Unpaired t-test was applied, *p<0.05, and **p<0.01. B) 

10K and 100k EVs size frequency distribution calculated by NTA after control vector and pcDNA-hCERT transfection 

(representative experiment with N = 3 / group). The areas under the curves were compared by Unpaired t-test *p<0.05. C-

D) Quantification of Tsg101, CD81 and N-SMase in the cytosol and/or membrane fractions by immunoblotting after 

transfection with control vector and pcDNA-hCERT transfection. The β-actin bands were used for normalization. Bar graph 

represents average +/-SEM of N=3 / group. E) NTA measurement of EVs isolated from supernatant of N2a cells treated with 

vehicle, PI4KIIIβ, or PI4KIIα inhibitor. Bar graphs represent the mean +/-SEM of N=4 / condition. 
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Supplementary Figure 3. CERT-deficient cell line secretes lower numbers of small EVs which are unaffected 

by PI4KIIIβ or PI4KIIα inhibitors. A) Numbers of EVs in the 100k EV fractions measured by NTA in HeLa WT and CERT-

deficient cell lines. Bar graph represent +/-SEM of N=3 / group. B) Quantification of Flotillin-2 and CD81 of 100k EVs by 

Western blots. Bar graphs represent average +/-SEM of N=3 / group. C) Quantification of Flotillin-2 and CD81 Western blots 
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in cell lysate. Bar graphs represent average +/-SEM of N=4 / group. D) Confocal photomicrographs showing BODIPY FL C5-Cer 

redistribution to the Golgi region without or with PI4KIIIβ inhibitor (PI4KIIIβ-IN-10) 25nM and 50nM. HeLa CERT-deficient cell 

line was used negative control. E) Quantification of the relative MFI measured at the Golgi region after BODIPY FL C5-Cer 

incubation in absence or presence of 25nM or 50nM of PI4KIIIβ inhibitor. Bar graphs represent average +/ -SEM of N= 4-6 / 

group. One-way ANOVA, Sidak’s posthoc testing (**p<0.01; ***p<0.001). F) TEM image of Immunogold labeling of CERT in 

the limiting membrane of MVE. Arrow shows labeling on limiting membrane of MVE. H) Quantification of Flotillin-1 by 

Western blots in cell lysate. Bar graphs represent average +/-SEM of N=3 / group. H) Numbers of EVs in the 100k EV fractions 

measured by NTA in CERT-deficient cell lines after 24 h treatment with PI4KIIIβ or PI4KIIα inhibitors. Bar graph represent +/-

SEM of N=4 / group. 

 

Supplementary Figure 4. HPA-12 partially colocalizes with CD81 and reduces ceramide, SMs, sphingosine and 

sphinganine in 100k EVs but not in cells. A) Extrapolation of HPA-12-NBD concentration in 10k and 100k EVs after 

transfection with pcDNA-hCERT and incubation for 24 h of HPA-12-NBD. Bar graph represents average +/-SEM of N=2 / group. 

B) Multi-plane deconvolved photomicrograph of fluorescent staining of pacHPA-12 (green), DAPI (blue) and CD81 (red) 

showing partial colocalization in N2a cells. Scales for each plane are noted in picture. C) Quantification of Tsg101 Western 

blots in cell lysate. Bar graphs represent average +/-SEM of N=3 / group. D, E) Quantification of monohexosylceramides, 

ceramide, SMs, S1P, sphingosine, sphinganine and sphinganine-1-P by mass spectrometry in cell pellet (D) and 100k EV (E) 

preparation. Bar graph represents average +/-SEM with each N=3/ group. Unpaired t-test (*p<0.05). 
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Supplementary Figure 5. Characterization of EVs from serum and brain extracellular space. A) Animal weights 

expressed in grams measured during HPA-12 administration. Bar graph represents average +/-SEM with each N=10/ group. 

B) NTA measurement of EVs isolated from serum with sucrose gradient. Bar graphs represents the mean +/-SEM of 3 animals 

per condition. C) Western blot images show protein expression from each fraction (F1-F4) or Exoeasy preparation (equal 

volume were loaded onto the gel) for the presence of the EV-associated proteins Flotillin-2 and CD81 and non-EVs marker 

calnexin. 10 µg of brain lysate was loaded as positive control. D) TEM images of F3 fraction and Exoeasy preparation. E) NTA 

measurement of EVs isolated from mouse brain with ExoEasy kit. Bar graph represents the mean +/-SEM of 3 animals per 

condition. F) Representative particle counts on different CD81 and CD9 capture spots. Bar graph represents average +/-SEM. 

for three capture spots of N = 4 (pooled) / group of two chips. 
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Supplementary Materials and Methods 

Determination of HPA-12-NBD  

After 48 h transfection with pcDNA3.1-CERT, N2a cells were incubated for 24 hours with 1 µM HPA-

12-NBD. Next, EVs were isolated from the supernatant by centrifugation method as explained 

above. The fluorescence intensity was measured by a Synergy H1 (BioTek) multi-mode microplate 

reader. 

Chromatography and mass spectrometry 

1H NMR and 13C NMR spectra were recorded using a Varian 600 MHz spectrometer (600 MHz for 1H 

and 150.9 MHz for 13C). Chemical shifts (δ) were reported in parts per million (ppm) relative to 

tetramethylsilane (TMS, δ = 0.00 ppm) and referenced to deuterated solvent signals (CDCl3, δ = 7.26 

ppm (1H) and δ = 77.16 ppm (13C)). Analytical thin-layer chromatography (TLC) was carried out on 

silica gel glass plates (60 F254) using UV light (λ = 254 nm and λ = 366 nm) to visualize the 

compounds. Purifications using flash chromatography were performed on silica gel (40–73 µm). 

Reagents and solvents were purchased at reagent grade from Acros Organics and Sigma Aldrich and 

used without further purification unless stated. Solvents for column chromatography were of 

technical quality. Anhydrous dichloromethane (DCM) was used as supplied (Acros Organics). 2-(1H-

Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) was purchased from 

Sigma Aldrich. 9-(3-(pent-4-yn-1-yl)-3H-diazirin-3-yl)nonanoic acid (pacFA, 1) was prepared by 

literature procedure.1 1-Phenyl-3-amino-butane-1,4-diol (2) was prepared by our method.2  

Supplementary experimental procedure 

Synthesis of HPA-12-pacFA 3 

 

pacFa 1 (136 mg; 0.514 mmol) was suspended in dry DCM (3.5 ml) under argon atmosphere, and the flask was 

wrapped with aluminum foil to prevent the presence of light. The resulting solution was cooled to 0°C, and 

TBTU (1.1 equiv; 182 mg; 0.565 mmol) was added, followed by the addition of Et3N (1.5 equiv; 78 mg; 108 μl; 

0.771 mmol). After 10 min, aminodiol 2 (1 equiv; 93.2 mg; 0.514 mmol) was added in one portion, and the 

reaction mixture was stirred at rt for 12 h. After consuming starting material, the reaction mixture was 

concentrated under vacuum and purified by column chromatography (gradient: ethyl acetate/MeOH) to afford 

HPA-12-pacFA 3 as a yellowish solid (143 mg; 65%). 

1H NMR (600 MHz, CDCl3) δ 7.34 – 7.27 (m, 5H) 6.41 (d, J = 6.4 Hz, 1H), 4.82 (dd, J = 9.1, 3.3 Hz, 1H), 4.10 – 4.01 

(m, 1H), 3.72 – 3.63 (m, 2H), 2.19 – 2.12 (m, 4H), 2.04 – 1.93 (m, 3H), 1.63 – 1.45 (m, 4H), 1.38 – 1.23 (m, 13H), 

1.11 – 1.03 (m, 1H). 
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13C NMR (151 MHz, CDCl3) δ 174.5, 144.3, 128.8, 128.0, 125.7, 83.6, 72.3, 69.0, 66.0, 50.8, 40.8, 36.9, 32.9, 32.0, 

29.3(x3), 29.2, 28.6, 25.8, 23.9, 22.9, 18.1. 

 

Supplementary references 

[1] Haberkant, P.; Raijmakers, R.; Wildwater, M.; Sachsenheimer, T.; Brügger, B.; Maeda, K.; Houweling, 

M.; Gavin, A.-C.; Schultz, C.; van Meer, G.; Heck, A. J. R.; Holthuis, J. C. M. Angew. Chem. Int. Ed. 2013, 52, 4033. 

[2] Santos, C.; Fleury, L.; Rodriguez, F.; Markus, J.; Berkeš, D.; Daïch, A.; Ausseil, F.; Baudoin-Dehoux, C.; 

Ballereau, S.; Génisson, Y. Bioorg. Med. Chem. 2015, 23, 2004. 
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Abstract 

Fluorescence microscopy is a powerful and widely used tool in molecular biology. Over the years, 

the discovery and development of lipid-binding fluorescent probes has established new research 

possibilities to investigate lipid composition and dynamics in the cell. For instance, fluorescence 

microscopy has allowed the investigation of lipid localization and density in specific cell 

compartments such as membranes or organelles. Often, the characteristics and the composition of 

lipid-enriched structures are determined by analyzing the distribution of a fluorescently labeled lipid 

probe, which intercalates in lipid-enriched platforms, or specifically binds to parts of the lipid 

molecule. However, in many cases antibodies targeting proteins have higher specificity and are 

easier to generate. Therefore, we propose to use both antibodies targeting lipid transporters and 

lipid binding probes to better monitor lipid membrane changes. As an example, we visualize lipid 

rafts using the fluorescently labeled-B-subunit of the cholera toxin in combination with antibodies 

targeting ceramide-binding proteins CERTs, central molecules in the metabolism of sphingolipids. 

Key words  

Fluoresce microscopy, fluoresce lipid probes, lipid rafts, β-subunit cholera toxin, CERTs. 
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3.1  Introduction 

Fluorescence microscopy (FM) is an imaging technique that due also to the development of 

innovative imaging systems has become a robust method to investigate proteins, glycans, small 

biological and nonbiological molecules in different cell types and tissues [1]. The basic concept of 

FM is the detection of a target molecule by specific probes, directly or indirectly labeled, that are 

then visualized by fluorescence microscopes. One of the main advantages of FM is the possibility to 

combine two or more probes, to investigate simultaneously the presence and the localization of 

different molecules and structures. For many years, FM was used only to target proteins, but lately, 

new fluorescence probes have been developed to detect lipids localized in intracellular 

compartments and in cell membranes [2]. These probes can be analogs of natural lipids, lipophilic 

organic dyes but most commonly, they are lipid-binding toxins [3]. Relevant to these methods are 

the fluorescent probes used to label lipid rafts and how they can be easily combined with antibodies 

to visualize and characterize lipid associated proteins in lipid-enriched domain in cell membranes 

and organelles. Many probes have been developed to detect these membrane structures in living 

and fixed cells, but one in particular, the membrane-binding B domain of cholera toxin (CTxB) is the 

most commonly used [4]. The idea that CTxB associates with lipid rafts was demonstrated in 2000 

when it was found in detergent-resistant membranes [5], later on this was corroborated by 

additional methods [6]. CtxB binds to monosialotetrahexosylganglioside, the prototype ganglioside 

(GM1) that is highly expressed in lipid rafts [7]. As a result, fluorescently labeled CTxB added to cells 

can be directly visualized by fluorescence microscopy, with the aim to investigate lipid rafts 

intracellularly and in the plasma membrane [4]. Fluorescence-labeled CTxB can be used in 

combination with immunofluorescence, where antibodies, which bind to lipid interacting proteins 

such as lipid transporters, help to monitor membrane composition and dynamics. Combining 

immunofluorescence and fluorescence probes enables the possibility to obtain high specificity and 

sensitivity of detection with rapid and reproducible outcomes. For this reason, to better understand 

the composition of rafts in cell membranes we combined CTxB staining with immunostaining of 

ceramide binding proteins CERTs, well-characterized ceramide transporters. CERT was described for 

the first time in 2003 as a transporter of ceramide from the endoplasmic reticulum to the Golgi 

apparatus [8]. There are at least three isoforms of CERTs, one long variant composed of 770 amino 

acids (named CERTLΣ128), a 642 amino-acid isoprotein (here named CERTL), and a short form that 

lacks 26 amino acids in the middle domain (here named CERT) [9]. Presumably, the shorter isoform 

is more active in the intracellular compartments and mediates the lipid transfer, whereas the long 
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ones are mainly insoluble membrane bound polypeptides also involved in the extracellular pathways 

[10]. CERTs interaction with ceramide, an important modulator of rafts, and regulator of 

sphingomyelin production might influence lipid composition and polarity of intra- and extracellular 

membranes ultimately determining lipid raft conformation and physiology [11–13]. Lipid rafts have 

a central role in homeostasis and maintenance of cells and often proapoptotic pathways are linked 

to changes in raft composition and lipid–protein interactions. Ceramide levels are elevated in 

apoptotic cells and this is believed to be one of the main causes of rafts changes during cell death 

[14, 15]. interestingly, CERTL are highly expressed in apoptotic cells meaning that there is a 

correlation between ceramide levels and the expression of its binding protein. The activity of CERTs 

during apoptosis can be seen as an indirect but outstanding cause-consequence event on ceramide 

dysregulation and the subsequent physiological changes at lipid and protein level [16]. Here, 

therefore, we make use of CTxB staining to detect lipid rafts in HEK293 cells in combination with 

CERTs antibodies in order to better monitor cell membrane dynamics (Fig. 1) 

 

Figure 1: Representation of the method used to stain lipid rafts with Alexa 488 Cholera Toxin Subunit B (CTxB), anti 

CERT/CERTL antibodies and Alexa 594/ 647 labelled secondary antibodies 
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3.2 Materials  

All the reagents are prepared with 1 x Phosphate-Buffered Saline (PBS) pH 7.4, unless otherwise 
indicated and are prepared fresh before the experiments. 

Cell culture   

1. Cell line- Human embryonic kidney cells (HEK 293) 

2. Maintenance medium - Dulbecco's Modified Eagle Medium (DMEM) is supplemented with 10% 
inactivated fetal calf serum (FCS -  5% Penicillin-Streptomycin and 5%,L-glutamine. 

3. 1x Trypsin 

4. 1x PBS  

Transfection  

1. 12 mm x 12 mm coverslips  

2. 1x Poly- D- lysine (PDL) in 1xPBS 

3. Transfection reagent: Lipofectamine 2000  

4. Transfection medium - Dulbecco's Modified Eagle Medium (DMEM-) supplement free 

5. DNAs:  Flag - PcDNA 3.1 CERT ( NCBI – 10087- NM_031361.3) / CERTL ( NCBI- 10087- 
NM_005713.3) and PcDNA3.1 

Labeling 

1. Cholera Toxin Subunit B (Recombinant), Alexa Fluor™ 488 Conjugate  

2.Polyclonal rabbit anti CERT/ CERTL 

3. Monoclonal mouse anti CERTL mAb1 [17] 

4. Donkey-anti rabbit Alexa Fluor 647  

5. Donkey- anti mouse Alexa Fluor 594   

6. Hoechst dissolved in 1x PBS 

7. 80% glycerol in 1x PBS 

8. 4% formaldehyde dissolved in 1x PBS  

9. 1% Bovine Serum Albumin (BSA, dissolved in 1x PBS (BSA-PBS) 

Microscopy 

1. Microscopy slides 
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2. Olympus BX51WI spinning-disk confocal fluorescence microscope with a Hamamatsu EM-CCD 
C9100 digital camera 

 3. Software μManager and Image J [18]  

3.3  Methods  

Cell culture  

1. Maintain the HEK 293 in complete DMEM in an incubator with 5% CO2 and 21% of oxygen at 37 

C (see Note 1).  

2. 24 h prior to the experiment, place 10 coverslips in a 60 mm plate, add 5 ml of poly-D-lysine 

diluted in 1 PBS to the plate and incubate for 1 h at 37 C. Before plating the cells wash the plate with 

1X PBS.  

3. Wash the cells with 1 PBS, trypsinize for 5 min in the incubator, and resuspend them in 10 ml of 

prewarmed (37 C) complete DMEM.  

4. Centrifuge the cells for 5 min at 1000  g and resuspend the pellet in prewarmed complete DMEM 

(see Note 2).  

5. Plate 1.5x 105 cells in 5 ml of complete DMEM (see Note 3)76 

Transfection 

1. After 24 h, dissolve 2500 ng of total DNA in 250 μl of medium and 5 μl of lipofectamine 2000 in 

250 μl of medium. After 5 min mix them together, vortex, spin down and incubate for 20 min.  

2. In the meanwhile, change the complete medium with 5 ml no-supplemented DMEM 

Add the DNA- lipofectamine 2000 mix to the cells; gently shake the plate to let the complex diffuse 

over the whole plate. (See note 4) 

3. Maintain the cells for 72 h in the incubator 

Fixation and blocking  

1. Wash the cells 3 times with 300 µL chilled 1x PBS 

2. Add 5 ml of 4% PFA to the plate 
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3. Incubate for 15 min at 4 ᵒC 

4. Wash three times with PBS 

5. Block the cells for at least 30 min in pre-chilled blocking solution (BSA-PBS) 

Labeling with Cholera Toxin Subunit B (See note 5 and 6) 

1. Prepare the working solution diluting  mixing1 μl of the CTxB stock solution (1mg/ml) in 500 μl of 

medium (see Note 7) 

2. Add 300 μl of the CTxB to the cells directly in the coverslips 

3. Incubate for 10 min at 4 ᵒC in the dark 

4. Wash three times the cells with 300 μl 1xPBS 

Labeling with CERTL mAb1 antibody (See note 8) 

1. Prepare the working solution of the antibody diluting 1 μl of stock solution (3mg/ml) in 500 μl of 

blocking solution  

2. Incubate the cells with 40 μl of antibody for 1 h at room temperature 

Labeling with CERTs HPA608 antibody  

1. Prepare the working solution of the secondary diluting 1 μl of the stock solution in 500 μl of 

blocking solution. 

2. Incubate the cells with 40 μl of antibody for 1 h at room temperature 

Labeling with secondary antibodies – donkey anti mouse 594  and donkey anti rabbit 647 

1. Wash the cells three times in 300 µL 1x PBS 

2. Prepare the working solution of the secondary antibodies diluting 1 μl of the stock solution in 

1000 μl of blocking solution 

3. Incubate the cells with 40 μl of antibody for 1 hour at room temperature (see note 9) 
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Mounting and imaging  

1. Wash the cells three times with 1x PBS 

2. Incubate for 5 min the cells with Hoechst diluted (1:1000) in 1x PBS  

3. Wash the cells three times with MilliQ water 

4. In the meanwhile, drop 3 μl of 80% glycerol onto the microcopy slides 

5. Mount the coverslip on the microscopy slides with small forceps  

6. Let dry the coverslip in glycerol overnight at 4 ᵒC in the dark (see note 10) 

7. Image with Olympus BX51WI spinning-disk confocal fluorescence microscope with a Hamamatsu 

EM-CCD C9100 digital camera. Use the software μManager for the acquisition (see note 11) 

 8. Analyze the images with ImageJ 

Image analysis  

1.Save the images as stacks with μManager Open Source Microscopy Software 

2. Analyze the images with ImageJ adjust the contrast minimum and maximum values for each 

fluorescence channel 

3. Add the scale bar 

4. Make a stack and create a montage of the images  

5. Save the montages as TIFF files (Figure 2-3) 
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Figure 2: Co-staining with HPA 608 rabbit anti-CERT and CERTL (red) , Alexa 488 CTxB (green) and nuclei ( 

blue) a .Cholera toxin B subunit staining and CERT/CERTL immunostaining in PcDNA3.1 transfected cells  b. Cholera toxin B 

subunit stai ning and CERT/CERTL immunostaining in CERT transfected cells c. Cholera toxin B subunit staining and 

CERT/CERTL immunostaining in CERTL transfected cells. Scale bar 20μm (zoom region scale bar 5 μm) 
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Figure 3:  Co-staining with mAb1 Mouse anti-CERTL (in red) , Alexa 488 CTxB (in green) and nuclei (in blue). 
a. Cholera toxin B subunit staining and CERTL immunostaining in PcDNA3.1 transfected cells. b. Cholera toxin B subunit 

staining and CERTL immunostaining in CERTL transfected cells. Scale bar 20μm (zoomed region scale bar 5 μm)  
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3.4  Notes 

1. Cells after thawing have to be sub-cultured at least for 3 passages before the experiments allowing 

the re-establishment of normal cell cycle [19]. 

2. Before plating the cells, wash and centrifuge them for 5 min at 1000 rpm. After the centrifugation, 

it is crucial to resuspend them carefully in order to break cell clumps and allowing a homogenous 

distribution of single cells into the plate. 

3. For a high transfection efficiency in 72 h, HEK293 must be 60-70% confluent and prior to the 

transfection they have to be attached to the plate. If they show round shape or they are floating, is 

not recommended to perform the transfection. 

4. During the transfection is crucial to incubate the cells and the DNA: lipofectamine 2000 in 

supplement free DMEM, since FCS can influence drastically the transfection efficacy.  

5. Vortex the CTxB stock solution before diluting it in the medium in order to resuspend the 

aggregates.  

6. Labelling with the CTxB can be performed in living cells and in fixed cells. Cells can also be first 

labelled with the CtxB and afterwards fixed with 4% PFA. All methods show good results and 

comparable labelling. 

7. Before labelling, place the coverslips in a 24 well plate for the washing.  Perform the staining with 

the CTxB adding 300 ul of diluted working solution in the wells. The staining must be performed at 

4 ᵒC in the dark in a shaker[20]. 

8.Wash the cells at least three times in the 24 well plate with 1 x PBS.  Bad washing leads to high 

background during the imaging. 

9. For the antibodies staining, drop 40 μl of antibody in a tight parafilm piece and place the coverslip 

upside down facing the antibodies. Follow the same procedure for the secondary antibodies, but 

the incubation has to be performed in the dark [21].  

10. To avoid artefacts, 80 % glycerol must be prepared fresh, and the microscopy slides need to be 

cleaned with ethanol [21].  

11. It is optimal to image all the samples the same day [21]. 
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Abstract 

Altered levels of sphingolipids and their metabolites in the brain, and the related downstream 

effects on the immune system, provide a framework for understanding mechanisms in 

neurodegenerative disorders and for developing new intervention strategies. In this review we will 

discuss: the metabolites of sphingolipids that function as second messengers; and functional 

aberrations of the pathway resulting in Alzheimer’s disease pathophysiology. Furthermore, we 

discuss the evidence of the sphingolipid pathway druggability.  We argue on how the sphingolipid 

pathway may represent a new framework for developing novel intervention strategies in AD. We 

will highlight the possible use of clinical and non-clinical drugs to modulate sphingolipid pathways 

and sphingolipid-related biological cascades. 

 

Keywords: Ceramide, Sphingosine-1-phosphate (S1P), sphingomyelin (SM), Alzheimer’s disease, 

blood brain barrier (BBB), GW4869, tricyclic dibenzoazepines (TCA), Fingolimod (FTY720) 
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6.1  Sphingolipid metabolism in the nervous system 

Sphingolipids (SLs) were discovered in the brain as structural components of cell membranes by 

J.L.W. Thudichum in 1874. SL composition and metabolism are intimately connected to brain 

development and synaptic plasticity [1]. Altered sphingolipid metabolism due to genetic mutations 

can lead to their abnormal deposition in neuronal tissue, causing severe cognitive retardation [2]. 

SL disbalance has been implicated in neurological disorders such as depression, Parkinson’s disease 

(PD) and Alzheimer’s disease (AD) [3, 4]. Therefore, the biochemistry of SLs under normal and 

pathological conditions has generated new interest recently. SL metabolism is a highly 

compartmentalized pathway and mislocation of key intermediate products, like ceramide, from one 

cellular compartment to another might condemn cells to death [5-7]. Ceramide is considered the 

central product of SL metabolism and it is formed via two main pathways: the anabolic pathway 

known as the SL de novo synthesis and the catabolic pathway referred to as the salvage pathway.  

De novo sphingolipid synthesis 

The first step of SL synthesis is the production of 3-keto-dihydrosphinganine in the cytosolic face of 

the endoplasmic reticulum (ER) by condensation of the precursors serine and palmitoyl-CoA [8]. This 

reaction is mediated by the enzyme serine palmitoyl transferase (SPT). This enzyme is strongly 

expressed in pyramidal neurons in the brain [9] and generates 3-keto-dihydrosphinganine, which is 

subsequently converted into sphinganine by the enzyme 3-keto-dihydrosphingosine reductase [10].  

Sphinganine or sphingosine is the substrate of a family of acyl-CoA transferases, called ceramide 

synthases (CerSs) [11]. Six established CerSs are present in eukaryotic cells, which perform the same 

chemical reaction (i.e., N-acylation of the sphingoid long chain base) however, each CerS has a high 

specificity toward the acyl CoA chain length used for N-acylation as reported in detail by Mullen et 

al., [12]. Thus, the CerSs are responsible for the fatty acid composition of ceramides [12-14]. In 

neuronal cells, C18 acyl chains are coupled to sphinganine at the highest rate and in glial cells, C18 

and C24 acyl chains [15].  

The central product of the de novo biosynthetic pathway are ceramides. Ceramides are formed by 

the enzyme dihydroceramide desaturase which removes two hydrogen atoms creating the 4,5-trans 

double bond in the sphinganine base of dihydroceramide [16]. Once formed, ceramide is delivered 

to the Golgi complex to produce more complex SLs. Major modifications can be introduced at the 

C-1 hydroxyl group. This hydroxyl group serves as an acceptor group for monosaccharide to produce 
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glycosphingolipids, or as phosphoryl choline acceptor to yield sphingomyelin [17, 18]. Majority of  

ceramides are transported from the ER to the Golgi apparatus, either through vesicular transport to 

act as a precursor for glucosyl-ceramide, or via an ATP-dependent process mediated by the ceramide 

transfer protein (CERT) to act as a precursor for sphingomyelin [19]. Transport of ceramides via CERT 

is highly specific and dependent on the acyl chain length [20]. In the trans-Golgi, the ceramide 

transferred by CERT is almost exclusively converted into sphingomyelin by sphingomyelin synthase 

1 (SMS1).  Glucosylsphingolipids are synthesized by glucosylceramide synthases (GCS) and are 

mainly formed by ceramide that is transferred through a non-ATP dependent vesicular process. 

Glycosphingolipids can be classified based on the number of sugar residues: glycosphingolipids 

containing monosaccharides are termed cerebrosides while if they contain oligosaccharides are 

referred to as globosides or gangliosides (with one or more sialic acids linked on the sugar chain). 

This review primarily focuses on ceramide and sphingosine. Readers interested in the function of 

glycolipids, particularly globosides and gangliosides in neural differentiation are kindly referred to 

the following excellent reviews on this topic: [21-28].  

The ceramide salvage pathway 

Activation of several catabolic enzymes yields ceramide and phosphatidylcholine or monosaccharide 

units from complex SLs which are recycled to produce other lipid metabolites [29]. This catabolic 

cascade is also known as the salvage pathway [30]. Sphingomyelin is the most abundant SL of the 

cell membrane and is important in membrane fluidity and homeostasis [31, 32]. The breakdown of 

sphingomyelin is the fastest route to generate ceramide. The catabolism of sphingomyelin begins 

with the hydrolysis of the phosphodiester bond releasing phosphoryl choline and ceramide, a 

reaction that is catalyzed by sphingomyelinases (SMases). Five types of SMases have been 

discovered that differ for their pH optimum, cation requirement and subcellular localization [33, 34]. 

The first report of SMase activity in human brain tissue showed a high hydrolytic activity in presence 

of magnesium (Mg2+) and under physiological pH [35, 36]. These enzymes are associated with 

myelin and show a peculiar functional pattern with high activity during development which 

decreases with age [35, 37-39]. There are other isoforms of SMases which are located in the 

lysosomes and work efficiently under acidic pH conditions [40]. Additional information regarding 

the sphingomyelin hydrolysis cycle will be discussed in the section “Potential targets and modulators 

of the sphingolipid pathway”. In the case of glycosphingolipids, they can be hydrolyzed by 

exohydrolases, acting at acidic pH, to release monosaccharide units and ceramides [30].  
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Ceramide generated from sphingomyelin or glycosphingolipid breakdown, can be further degraded 

to sphingosine by several organelle-specific ceramidases (CDases). Sphingosine can be 

phosphorylated into sphingosine-1-phosphate (S1P), a potent pro-survival signaling molecule, by 

sphingosine kinases (SKs). The brain is the organ that contains the highest concentration of S1P [41]. 

There are two SK isoforms discovered so far: the SK1 and SK2, and both isoforms are present in the 

brain. SK1 knockdown severely affects brain and vascular development [42]. S1P can be degraded 

irreversibly by the S1P lyase enzyme to ethanolamine phosphate and hexadecenal. Alternatively, 

sphingosine can be transported from one compartment to another (recycling membranes from 

lysosome to ER) and be recycled in the ER-Golgi network re-entering into the sphingomyelin cycle 

by being re-acylated by CerSs to ceramide. Hence, CerSs simultaneously regulate  de novo 

sphingolipid synthesis and the recycling of sphingosine or sphinganine [43]. Furthermore, it is 

important to note that sphingosine can be formed exclusively from the catabolic cycle of 

glycosphingolipids, sphingomyelin or ceramide. In fact, no dihydrosphingosine desaturases, that can 

create the 4,5-trans double bond on sphinganine substrate, have been found so far. The SL pathway 

is summarized in figure 1. 
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Figure 1. Sphingolipid metabolism. Ceramide can be produced by two main pathways. 1) The anabolic pathway named 

de novo pathway which starts in the endoplasmic reticulum compartment and ends in the Golgi with the synthesis of complex 
sphingolipids. 2) The catabolic pathway named the salvage pathway in which complex sphingolipids like sphingomyelin, 
ganglioside, globosides, cerebrosides and sulfatides are broken down to form ceramides in different compartments like late 
endosomes and lysosome or plasma membrane compartments. Ceramide can be further catabolized to form sphingosine 
which can be recycled back to form ceramides or exit the pathway by being hydrolyzed to ethanolphosphate and hexadenal.  
The 4,5 trans double bond is encircled in blue in the chemical structure of ceramide (center lef t of the figure), sphingosine 
(center right of the figure) and sphingomyelin (upper left corner of the figure). The C-1 hydroxyl group in the same compounds 
are encircled in red. 
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6.2  Sphingolipids in neural cell fate, maintenance, and death  

Regulation of sphingolipid metabolism in cell cycle and neural differentiation 

The composition and level of SLs undergo remarkable changes during the life cycle of a cell. With 

every cell division, the area of the plasma membrane and of intracellular membranes and organelles 

must be doubled within less than one hour. This is mainly achieved by downregulating phospholipid 

turnover and upregulating SL biosynthesis [44]. Therefore, key enzymes in SL biosynthesis such as 

SPT are upregulated prior to mitosis [45, 46]. Accordingly, blocking ceramide biosynthesis with the 

SPT inhibitor myriocin leads to cell cycle arrest in the G2/M phase [46-48]. In contrast to this 

ceramide depletion, increased ceramide levels in G2/M phase lead to hypophosphorylation of 

retinoblastoma protein and upregulation of cyclin-dependent kinase inhibitors such as p21 or p27 

and subsequently, cell cycle arrest in the G1/S phase [45, 49-51]. Therefore upregulation of 

ceramide biosynthesis prior to M phase needs to be rapidly counterbalanced by formation of 

sphingomyelin or glycosphingolipids throughout G1 phase during cell division of neural progenitor 

cells, or in G0 phase associated with differentiation of neural cells [52]. If ceramide stays upregulated 

at the G1 phase, cells are at risk to undergo apoptosis. This is likely to be induced by a dual role of 

ceramide in that ceramide-mediated activation of protein phosphatase 2a (PP2a) will 

dephosphorylate retinoblastoma, and anti-apoptotic and pro-apoptotic proteins such as B cell 

lymphoma 2 (Bcl-2) and Bcl-2 associated X protein (Bax) [53-58]. In addition to caspase-dependent 

cell death, excess ceramide during cell division can induce cell death by activating p38 mitogen-

activated protein kinase (p38 MAPK) and c-jun N-terminal kinase (JNK). These cell death pathways 

are often triggered by p75 neurotrophin receptor (p75NTR) through extrinsic insults (toxins, 

cytokines, and ischemia) in actively dividing cells such as neural progenitor cells and glia during 

nervous system development and inflammatory response in the adult brain [59-63]. Acute elevation 

of ceramide in dividing cells and neurons during early differentiation is induced by p75NTR-mediated 

activation of SMases, particularly neutral SMase2 (nSMase2) [61]. p75NTR-nSMase2 associated 

ceramide generation was among initial observations that alluded to the contradictory role of  

ceramide. For example, ceramide may be detrimental by inducing cell death, but also beneficial by 

arresting neural progenitor cells cycle and promoting neurite outgrowth [59, 64-66]. To date, the 

paradox of ceramide, mediating cell death on the one hand while favoring neuronal maturation on 

the other hand, is explained by several mechanisms involving (partial) conversion of ceramide to 

other SLs such as S1P or glycolipids, compartmentalization of ceramide, distinct effects of different 

ceramide species, and differential expression of proteins interacting with ceramide.  
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In differentiated cells, prolonged effects of ceramide elevation in G0, primarily those with long chain 

fatty acids, may induce senescence [67-71]. Risk of senescence is reduced by effective autophagy, 

which is essential for survival of long-lived cells such as neurons [72, 73]. Protective autophagy and 

cell survival are sustained by upregulation of S1P [74-82]. While these enzyme activities are 

intrinsically regulated throughout the cell cycle, extrinsic factors may induce activation of SMases 

generating ceramide that either support differentiation or induce apoptosis. During self-renewal 

and differentiation of neural progenitor cells, upregulation of ceramide serves two purposes: 

induction of apoptosis in excess progeny cells and promoting differentiation and process formation 

in surviving daughter cells [83-91].  Cell fate decision following neural progenitor cells division 

depends on the asymmetric distribution of proteins that either sensitize to or protect from 

ceramide-induced apoptosis such as prostate apoptosis response 4 (PAR-4) in the excess daughter 

cell and Bcl-2 in the differentiating cell, respectively [52, 92]. Ultimately, this demonstrates that 

ceramide and other SLs are differentially regulated throughout the cell cycle and embedded into cell 

fate decisions during stem cell renewal and neural differentiation.  

The classical rheostat of ceramide and S1P and the decision on neural cell fate 

There is a housekeeping balance between the potentially pro-apoptotic ceramide and anti-apoptotic 

S1P. The level of S1P is regulated by the activity of SKs and S1P lyase [78, 81, 93]. It is known that SK 

protein levels are upregulated in cancer thereby escaping ceramide-induced apoptosis and 

sustaining cell survival [94-97]. Particularly, SK1 levels are increased in p53-deficient tumors because 

it cannot be degraded by upregulation of caspase 2 in a p53-dependent manner [98]. In addition to 

intrinsically increased protein levels, SKs are post-translationally activated by extracellular signal-

regulated kinase (ERK)-mediated phosphorylation, which is triggered by extrinsic signals such as pro-

inflammatory cytokines (e.g., TNFα, IL-1β) and nerve growth factor [99-102]. This regulation is 

consistent with S1P as a pro-inflammatory and survival signal for neurons. Downstream targets of 

S1P rely on the locations of its generation and distribution. Cytosolic SK1 generates S1P that is 

secreted by mainly two transporters, ABC transporters and sphinster 2 [103-106]. Extracellular S1P 

binds to plasma membrane-resident S1P receptors (S1PR1-5), a family of five G-protein coupled 

receptors that activate Akt-dependent cell survival and pro-migratory cell signaling pathways [80, 

107-109]. In contrast to SK1, nuclear SK2 generates S1P that inhibits histone deacetylases 1 and 2. 

Histone deacetylases 1 and 2 are ubiquitous proteins important in epigenetic gene regulation. When 

these enzymes are inhibited by S1P, gene expression of p21 is increased [110]. Hence, the classical 



155 
 

model of a rheostat consisting of ceramide and S1P, switched into a multifaceted interdependence 

of the two SLs in cell fate regulation. This is particularly evident in the nervous system consisting of 

dividing cells (neural progenitor cells and glia) interacting with non-dividing neurons. With respect 

to cell cycle control, both ceramide and S1P increase the level of p21 leading to a synergistic effect 

on cell cycle arrest. Ceramide activates p53, which induces degradation of SK1, thereby antagonizing 

apoptosis. Both ceramide and S1P stimulate autophagy, which protects neurons and regulates the 

inflammatory response in glia. Moreover, we found that ceramide and S1P act synergistically on 

neuronal cell polarity and process formation like cilia [83, 85, 90].  

Lipid rafts and binding to distinct proteins determines the function of sphingolipids 

SLs such as ceramide, sphingomyelin, and glycosphingolipids are often organized in lipid 

microdomains or rafts. In addition, they directly interact with proteins, which led to the idea that 

binding to SLs sequestered proteins to lipid rafts. We proposed that proteins sequestered in the lipid 

rafts induce formation of larger protein complexes termed “sphingolipid-induced protein scaffolds” 

or SLIPSs that interact with the cytoskeleton [52]. Most recently, we introduced the idea of “lipid 

chaperons”, (sphingo)lipids that bind to proteins in the non-raft areas of cellular membranes and 

“catalyze” their association with lipid rafts and interaction with other raft-associated proteins [111].. 

Atypical protein kinase Cς/λ (aPKC) was one of the first proteins shown to directly interact with 

ceramide [112-118]. Our studies showed that aPKC is a protein chaperoned by ceramide to be 

sequestered to ceramide rafts or ceramide-rich platforms that initiate SLIPS critical for neural 

progenitor cells polarity [115, 117, 119]. We also found that ceramide bound aPKC forms a complex 

with Cdc42, a small Rho-type GTPase that contains a pleckstrin homology domain for binding to 

phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2), a key regulatory lipid for cell polarity in neural 

progenitor cells and neurons [83]. Furthermore, our studies showed that very long chain C24:1 

ceramide stabilizes microtubules in neuronal processes and cilia by inhibiting histone deacetylase 6, 

an enzyme that reduces tubulin acetylation [90]. Therefore, the synergistic effect of a polarized 

distribution of ceramide and PI(4,5)P2 in lipid rafts and their interaction with actin and microtubules 

in SLIPs may establish neuronal cell polarity and stabilize neuronal processes. Consistent with this 

hypothesis is the observation that CerS2, the enzyme generating C24:1 ceramide is upregulated 

during differentiation of embryonic stem cells and neural progenitor cells and it is critical for brain 

development and function as supported by studies with CerS2-deficient mice [120-124]. On the 

other hand, ceramide species such as C18:0 ceramide are associated with the pathological function 
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of exosomes in AD as well as induction of neuronal apoptosis [125]. These, apparently contradictory, 

effects of ceramide, stabilization of neuronal processes and induction of apoptosis are likely to rely 

on compartmentalization of ceramide species and cell type or differentiation stage-specific 

expression of ceramide-interacting proteins that either promote neuronal function or apoptosis. For 

example, C18:0 ceramide was shown to bind to p53 protein (pro-apoptotic), PP2a inhibitor protein 

SET (cell cycle arrest, pro-apoptotic, and other effects), receptor-interacting serine/threonine 

protein kinase (RIPK, pro-necroptotic), and light chain 3B (LC3B, pro-autophagic) [126-130]. 

Additional ceramide binding proteins such as kinase suppressor of Ras (KSR, pro-apoptotic) and 

more recently, lysosomal-associated transmembrane protein 4B (LAPTM4B, endosomal ceramide 

transport, pro-apoptotic) were identified, but their affinity to different ceramide species is not clear 

[131-135]. Our studies showed that in addition to binding to aPKC (polarity inducing), C24:1 interacts 

with and activates GSK3, the precise function of which is a matter of our ongoing research [91]. 

Previously, we found that during asymmetric division of neural progenitor cells, PAR-4, an aPKC 

inhibitor protein sensitizing cells to ceramide-induced apoptosis, is distributed to one daughter cell, 

while the other daughter cell is protected from apoptosis and continues to divide and differentiate 

[52, 84, 92, 136]. A similar cell-type specific effect was described for S1P that either induces or 

disrupts neuronal and glial process formation, probably due to binding to differentially expressed 

S1P receptors [137-139]. In glia, S1P may promote survival and differentiation or trigger activation 

and adoption of a pro-inflammatory phenotype [79, 109, 140-149]. Overall, these examples 

demonstrate that the simplified view on the rheostat of ceramide and S1P as pro- and anti-apoptotic 

balance will need to be replaced by a more mechanistically refined model invoking specific 

interaction with rafts and proteins regulating cell signaling pathways in neural development and 

disease. 

Effect of ceramide and sphingosine on neuronal activity 

Interestingly, ceramide and sphingosine are not only players in cell cycle regulation but also in 

neuronal activities. For instance, recurrent production of ceramide by SMase in lipid rafts is 

important for neuronal conduction of excitation [150]. Fasano et al., reported ceramide-based 

conduction of excitation without action potentials along the nerve fibres. They observed that among 

the lipid family only ceramide was elevating in the nerve trunks upon mechanic inhibitory reflex 

stimulation. Other example is the involvement of ceramide and sphingosine in the presynaptic 

exocytosis. The process is controlled probably by CDase that shift the ratio of ceramide to 
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sphingosine in favor of sphingosine production [151, 152]. In fact, while Rohrbough et la., report a 

CDase dependent exocytosis Darios et al., found that sphingosine is involved in the formation of 

SNARE complex, which is a large protein complex with transmembrane domains, involved in the 

fusion of vesicles to the presynaptic membrane. Once the SNARE complex is assembled and fused 

to the membrane, presynaptic neurons can release the neurotransmitter in the extracellular space. 

In addition, S1P seems to play a role in excitatory synaptic transmission. Long-term potentiation in 

hippocampal was impaired in SK knock outs and increased under S1P treatment [153]. 

6.3 Extracellular trafficking of sphingolipids and effect on blood brain barrier 

Introduction of lipoproteins 

SL trafficking in the peripheral circulation mainly occurs via lipoproteins or bound to albumin. A small 

percentage of SLs may be contained by circulating extracellular vesicles. Lipoproteins can be 

classified according to their size and density into four main groups: high-density lipoproteins (HDL), 

low-density lipoproteins (LDL), very low-density lipoproteins (VLDL), and chylomicrons. Lipoproteins 

all carry specific apolipoproteins (apo) that can have structural, enzymatic, and receptor-binding 

functions [154]. The carrier apolipoprotein (Apo) of liver-derived lipoproteins, VLDL and LDL, is 

apoB100, while that of the lipoproteins of the intestine, chylomicrons, is apoB48. HDL, which is 

predominantly produced in the liver and intestine, lacks ApoB and is instead mainly accompanied 

by ApoA-I [155].  ApoE4, one of the 3 common isoforms of ApoE (E2, E3, and E4), is linked with a 

strongly increased risk of developing AD [156]. ApoE is carried by chylomicrons, VLDL, and a subclass 

of HDL. HDL containing ApoE is formed when triglyceride-rich lipoproteins, such as VLDL and 

chylomicrons release fatty acids upon lipolysis [155]. Circulating ApoE4 prefers association with 

VLDL and chylomicrons, while ApoE3 prefers HDL [157]. Besides its presence on lipoproteins, ApoE 

has been detected on extracellular vesicles [158].  

Trafficking of sphingolipids in the blood by lipoproteins  

Sphingomyelin is the most abundant SL species in plasma, followed by ceramides and sphingoid 

bases [159]. Sphingomyelins are mainly present in LDL and to a smaller extent in VLDL and HDL [160]. 

Ceramides, hexosylceramides, and lactosylceramides are primarily carried by LDL [161], but are also 

present in other lipoprotein subclasses including HDL, depending on their origin [159]. Endogenously 

synthesized ceramides originating from the liver are incorporated predominantly in hepatocyte 
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secreted VLDL and possibly LDL and ceramides originating from the intestine secreted by 

enterocytes are incorporated in chylomicrons and HDL [162-164]. Circulating S1P is predominantly 

carried by HDL (~60%), where it is bound to ApoM. About 10% of S1P is present in LDL, a small 

amount can be present in VLDL, and the remainder is bound to albumin (~30%) [165, 166]. S1P is 

predominantly contained by the smaller, denser HDL subclass (HDL3), and not by the larger ApoE-

containing HDL subclasses [167, 168].  

Trafficking of sphingolipids in the cerebral spinal fluid  

Data on the carriers of sphingolipids in cerebral spinal fluid (CSF) and central nervous system (CNS) 

is scarce, since most studies focus on sphingolipid levels and not on their origin. Upon examining 

sphingolipid in CSF Fonteh et al. found sphingomyelin, ceramide and dihydroceramide in both CSF 

nanoparticles and supernatant fluid [169]. The nanoparticles include synaptic vesicles and large 

dense core vesicles, resembling lipoproteins. CSF lipoproteins range in size between 10-24 nm, 

corresponding with HDL and LDL [170]. Both sulfatide and galactosylceramide were found to be 

present on HDL isolated from CSF [171, 172]. Sulfatides were specifically detected on ApoE-

containing HDL, with concentrations depending on APOE genotype [171]. 

The most abundant apolipoproteins in CSF are ApoE and ApoA-I and ApoE in the CNS. Here ApoE is 

produced locally, primarily by astrocytes, and is thought to be the main apolipoprotein on the HDL-

like particles transporting lipids [173, 174]. The lipid content of nascent HDL particles included 

detectable amounts of sphingomyelin and glycosylceramides, and was found to closely resemble 

that of lipid rafts [175]. ApoA I is secreted by the liver and intestine and therefore has to cross the 

blood-brain barrier (BBB) to access the CNS. How this happens and how ApoA-I gains access to the 

CSF is not completely understood.  

Origin of circulating sphingolipids 

Plasma S1P, derived from (exogenous) sphingosine via SK1 and SK2, is produced by various cell 

types, including erythrocytes (~90%), platelets, endothelial cells, and hepatocytes [176, 177]. Since 

erythrocytes and platelets lack the S1P degrading enzyme, S1P tends to accumulate in these cells, 

leading to a high secretion towards plasma [178-180]. Even though platelets contain large amounts 

of S1P, they do not seem to determine circulating S1P levels [181], except after platelet activation 

by thrombin or Calcium [180, 182]. Other peripheral blood cells such as mononuclear cells, 

neutrophils, and endothelial cells also expressing SKs may contribute to circulating S1P levels [177]. 
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Additionally, endothelial cells and monocytic cells release SK1 into plasma, where it could convert 

sphingosine to S1P extracellularly [183, 184]. The release of SKs from monocytic cells can be induced 

by oxidized-LDL [185].  

Plasma S1P can be released from the aforementioned cells in a myriad of ways after which it can be 

transferred to albumin, and possibly to HDL. Next to the release of S1P, its cellular uptake is 

mediated by ABCC7, thereby reducing its bioavailability. In addition, ApoM was found to be involved 

in S1P secretion towards lipoproteins and to be the rate limiting step in S1P secretion from 

hepatocytes towards HDL [176]. ApoM can also mediate the efflux of S1P from erythrocytes [186]. 

Spinster 2 is a transporter mediating the efflux of S1P from vascular endothelial cells, but not from 

erythrocytes and platelets [187]. Endothelial S1P can also be released, in a positive feedback 

manner, through ABCA1 and SR-BI induced by ApoA-I [188]. Phospholipid transfer protein (PLTP) is 

thought to mediate the transfer of S1P to HDL, because PLTP-deficiency results in a dramatic 

increase in S1P content in plasma and in HDL [189, 190] and interestingly also in an impaired blood-

brain barrier integrity in line with a key role for HDL-S1P in the maintenance of barrier function [191-

193]. 

Relatively little is known about the origin of SLs other than S1P in lipoproteins. Ceramides and 

sphingomyelins can be transferred from the liver and intestine towards VLDL and chylomicrons by 

microsomal triglyceride transfer proteins [194]. Ceramides present in HDL may be incorporated 

upon HDL formation and secretion, they may be transferred from lipoproteins such as VLDL and 

chylomicrons by PLTP and cholesteryl transfer protein, or produced by SMases, either in tissues or 

by circulating SMases [162]. Ceramides from plasma membranes may also efflux to HDL (for review 

see [195]). In addition to SKs, enzymes producing sphingosine, A-SMases and ceramidases are 

secreted from cells into plasma and could locally produce sphingomyelin and ceramide [185, 186, 

196, 197].  

Effects of SLs on vascular function 

Many of the beneficial functions of HDL on vascular barrier function have been ascribed to its S1P 

content [198-200]. HDL bound S1P as well as albumin-bound S1P were found to affect vascular tone. 

HDL was found to induce vasodilation and reduce arterial blood pressure; effects that are potentially 

mediated by S1P. On the other hand, S1P associated with albumin can promote vasoconstriction in 

rat cerebral arteries [201-203], but not in peripheral arteries. Differences in S1P effects on vascular 
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tone might be related to differential expression of S1P receptors in vascular walls, such as the 

relatively higher expression of S1PR2 and S1PR3 in cerebral arteries. A vasoprotective function 

attributed to S1P, is the maintenance of the vascular barrier. S1P either contained by HDL or albumin 

increased endothelial barrier activity and decreased vascular permeability, via suppression of TNFα-

induced VCAM-1 and ICAM-1 expression by endothelial cells, thereby likely reducing the 

transmigration of monocytes and lymphocytes [204]. The most potent protective effects against 

oxidative stress-associated endothelium dysfunction, were induced by small dense HDL3 particles 

with a high S1P content [205].  

Introduction of the Blood-Brain Barrier/neurovascular unit  

The blood-brain barrier (BBB) is a dynamic structure where cellular communication is essential for 

its functioning. The physical barrier is formed by specialized endothelial cells which are sealed 

together via the expression of tight junctions [206]. In addition, the endothelial cells express several 

transporters that exclude unwanted/toxic molecules from the brain and actively regulate the entry 

of nutrients from plasma. Proper functioning of the brain endothelial cells is necessary to maintain 

BBB integrity. However, further support by pericytes and the end-feet of astrocytes is needed to 

ensure BBB function. Interaction of pericytes and astrocytic end-feet with the brain endothelial cells 

is termed the neurovascular unit. The pericytes are embedded in the basement membrane 

surrounding the endothelial cells and encircled by the basal lamina, which is contiguous with the 

plasma membranes of astrocyte end-feet and endothelial cells. Both cell types play a key role in 

maintaining BBB function by inducing tight junction protein expression and the polarization of 

transporters [207]. For instance, loss of pericyte coverage or ablation of astrocyte-secreted laminin 

leads to down-regulation of junctional proteins and a leaky BBB, underscoring their importance 

[208]. 

BBB dysfunction in AD/neuro-inflammation 

In AD, the different components of the neurovascular unit are affected by disease pathology, 

resulting in a compromised barrier function. Human post-mortem studies showed a reduced 

expression of tight junctions accompanied by increased fibrinogen leakage into the brain [209, 210]. 

In addition, the observed loss of pericyte coverage and swelling of astrocytic end-feet in AD also 

contributes to a decreased barrier function [211-213]. These cellular alterations in AD may further 

exacerbate parenchymal and vascular amyoid-β (Aβ) accumulation. In addition, AD is characterized 
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by chronic neuroinflammation. Aβ deposition in the vasculature leads to pro-inflammatory and 

cytotoxic events that contribute to a greater BBB permeability. Brain endothelial cells loosen their 

tight junctions in response to inflammatory stimuli resulting in transmigration of leukocytes across 

the BBB [214]. Once infiltrated in the CNS, leukocytes contribute to tissue damage by releasing pro-

inflammatory cytokines and other cytotoxic products [215]. Moreover, Aβ enhances the activation 

of glial cells, which further induces secretion of proinflammatory cytokines and chemokines. 

Therefore, the BBB is affected in multiple ways in AD.  

The effect of SLs on BBB function during AD 

SLs have heretofore been implicated to have extensive involvement in the pathophysiology of a 

variety of neuroinflammatory diseases, with AD included. Knowledge on the effects of SLs on the 

BBB is limited. A-SMase and ceramide have been studied in relation to BBB function. Brain 

endothelial cells in the presence of an inflammatory stimulus showed increased A-SMase activity 

and concomitant ceramide production, which resulted in the disruption of tight junction proteins 

[216]. Exposure of brain endothelial cells to C2:0 ceramide induced a decrease in barrier resistance, 

which is indicative for barrier integrity. Loss of barrier integrity was accompanied by an increase in 

monocyte migration across the endothelial cells after exposure to ceramide [144]. Interestingly, the 

inhibition of A-SMase activity prevented the degradation of zonulae occludentes 1 and 2, and 

occludin, proteins important for in tight junctions, indicating an important role for A-

SMase/ceramide in tight junction regulation [216]. In addition, the downregulation of A-SMase in 

brain endothelial cells resulted in a reduction of trans-endothelial migration of T cells, possibly via 

affecting intercellular adhesion molecule 1 which is necessary for the adhesion of T cells to the 

endothelium [217]. Not only the increase of ceramide in endothelial cells but also in astrocytes is 

able to decrease barrier integrity. Astrocytes show a similar response as endothelial cells when 

stimulated with pro-inflammatory mediators, which lead to an increase in mRNA from A-SMase 

resulting in an increase in ceramide production [144]. Ceramide can be released from cells through 

extracellular vesicles and possibly affect neighboring cells. Indeed, when endothelial cells were 

exposed to astrocyte-conditioned medium, the migration of monocytes across the BBB increased, 

further confirming the negative effect of ceramide on the BBB. 
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6.4 Alteration of sphingolipid metabolism in Alzheimer’s disease 

Increasingly, evidence demonstrates that alterations in sphingolipid metabolism play a key role in 

the pathogenesis of AD [218, 219]. Firstly, it was reported that ceramide levels are elevated in brain 

tissue of AD patients compared to controls while sphingomyelin and S1P are decreased [220-224]. 

Secondly, the enzymes that control ceramide formation in the sphingolipid pathway were 

abnormally expressed (Table 1) [222, 225]. Alterations in the sphingolipid metabolism were also 

observed in plasma, where shotgun lipidomics revealed decreased sphingomyelin and increased 

ceramide levels in AD patients as compared to controls [226]. This was further supported by targeted 

sphingolipidomics studies that identified similar sphingolipid changes in plasma of MCI [227, 228] 

and AD patients [229, 230] and in longitudinal studies that monitored the progression of cognitive 

decline in AD patients [231, 232] (reviewed by Mielke and Haughey, 2012 [233]). 

There are at least three different pathophysiological mechanisms underlying the effect of 

dysregulated ceramide in neurotoxicity 1) ceramide rich platforms-associated receptor activation, 

2) mitochondrial dysfunction, and 3) exosome-mediated amyloid and tau propagation and 

aggregation.  

Sphingolipid pathophysiology in the nervous system 

It is thought that spatially extended ceramide membrane domains activate extrinsic cell death 

pathways in neurons and glia, which is likely to contribute to neural cell death after injury. Receptors 

activated by extracellular factors such as nerve growth factor (p75NTR), TNF-α, IL-1β, IL-6, IFN-γ, and 

Fas ligand [61, 234-237]. Increase of ceramide concentration in the plasma membrane is induced by 

receptor-mediated activation of A- and N-SMases. Lee et al. have shown that in cultured 

oligodendrocytes, Aβ25-35 activates N-SMase that promotes the conversion of sphingomyelin into 

ceramide, which may lead to apoptosis [238]. In the same way, oligomeric Aβ1-40 and Aβ1-42 

enhance the activity of A- and N-SMase, which subsequently increases the levels of ceramide 

resulting in cell death [239]. Furthermore, it has been proposed that ceramide can contribute to Aβ 

formation by affecting the cleavage of the transmembrane protein amyloid precursor protein (APP) 

[240, 241]. However, neuronal damage observed in neurodegeneration is rather subtle at first and 

begins with axonal degeneration, while cells are still alive and at least in part functional. Therefore, 

it is likely that the initial damage caused by dysregulated ceramide affects the cytoskeleton or 

organelles critical for cytoskeletal integrity.  
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Currently, mitochondria are the focus of intense research on dysregulated ceramide biology. 

Increase of ceramide concentration in the inner and outer mitochondrial membranes impairs 

oxidative phosphorylation, breaks down the membrane potential, and creates pores that allow 

release of pro-apoptotic proteins to the cytosol [242-247]. Kong and Zhu et al., discovered ceramide-

enriched mitochondria-associated membranes that interact with tubulin and voltage dependent 

anion channel 1 to block ATP release required for mitochondrial motility, a reaction enhanced by Aβ 

[248].  

In addition to mitochondria, compartments with ceramide-enriched membranes such as the ER and 

endosomes may contribute to neuronal and glial damage due to oxidative stress and impaired 

protein homeostasis, which leads to aggregation of neurotoxic peptides (e.g., Aβ) or proteins (e.g., 

tau, synuclein, huntingtin). Impaired protein homeostasis by dysregulated ceramide probably 

contributes to a variety of neurodegenerative disease involving intracellular and extracellular 

protein aggregation, including AD, PD, and Huntington’s disease. Dinkins et al., showed that in AD, 

extracellular aggregation of Aβ into amyloid plaques is nucleated by ceramide-enriched exosomes 

secreted by astrocytes [125, 249, 250]. These “astrosomes” can also induce apoptosis in recipient 

cells, which is mediated by transfer of ceramide and the ceramide-sensitizer protein PAR-4. 

Astrosome-induced plaque formation and neuronal cell death is prevented by inhibition or 

deficiency of nSMase2 studies have shown [249, 250]. Furthermore, exosomes can mediate 

propagation of tau or prion protein. In contrast to these observations, others have shown that 

exosomes may also help Aβ uptake and clearance [251-255].  

It is still uncertain if ceramide disbalance is a consequence of Aβ accumulation or one of the initiating 

factors of AD pathophysiology. However, it is becoming clear that there is a link between Aβ 

formation, neuronal death, and SLs. 

Sphingolipids and their relation to APP and the amyloid β-peptide  

Aβ-peptides derive from sequential cleavage of the APP during its transport through the secretory 

pathway, at the cell surface and within endocytic compartments [256-259]. Aβ generation is 

initiated by cleavage of APP by the β-site APP cleavage enzyme 1 (BACE1) leading to the secretion 

of soluble APP (sAPPβ). The resultant membrane-bound C terminal fragment (CTFβ) represents a 

substrate for transmembrane proteolysis by γ-secretase that liberates Aβ from cellular membranes. 

In an alternative pathway, APP can be cleaved initially by α-secretases (e.g. ADAM10, ADAM17) 
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within the Aβ-sequence resulting in secretion of a slightly longer soluble APP ectodomain (sAPPα) 

and shorter membrane-bound CTF (CTFα) [260-262]. Since the cleavage of APP by α-secretases 

occurs almost in the middle of the Aβ domain, this pathway prevents the production of Aβ peptides. 

The subsequent cleavage of the CTFα by γ-secretase leads then to the generation of the smaller not 

toxic peptide called p3.   

Alterations in membrane lipid composition could affect the subcellular transport of these proteins 

and modulate the generation of Aβ. Certain lysosomal lipid storage disorders are associated with 

alterations in APP and tau metabolism, and they are also observed in AD [263]. Impaired cholesterol 

metabolism in lysosomes due to defective cholesterol transport proteins NPC1 or NPC2 is associated 

with alterations in the endo-lysosomal system, accumulation of intracellular Aβ and APP CTFs, and 

formation of tau aggregates in the brain of Niemann Pick Disease type C patients [264, 265]. 

Accumulation of APP CTFs within lysosomal compartments has also been observed with cellular 

models of lysosomal sphingolipid storage diseases [263]. These effects could be attributed in part 

to impairment of lysosomal activity or altered trafficking and fusion of endo-lysosomal vesicles [266-

268]. It has been shown that cellular ageing or chronic oxidative stress alters membrane lipid 

metabolism and APP processing [269, 270]. An important role of lysosomal sphingolipid metabolism 

in the processing of APP is further supported by the observation that genetic deletion of the S1P-

lyase results in the accumulation of APP CTFs and higher secretion of Aβ [271]. It has also been 

reported that S1P could promote Aβ generation by direct interaction with and stimulation of BACE1 

[272].  

In addition, ceramide and ceramide analogs could increase the generation of Aβ by stabilization of 

BACE1 [272-274]. In line with a role of SLs in APP processing, pharmacologic inhibition or genetic 

deletion of SL biosynthetic enzymes decreased the generation of Aβ by lowering forward transport 

of APP in the secretory pathway and stimulation of PKC-dependent stimulation of α-secretory 

processing [275, 276].  

Several studies indicate that Aβ peptides might impact cellular lipid metabolism by promoting the 

enzymatic activity of A-SMase [239] , and by inhibition of the ganglioside synthase GD3 [277-279]. 

In turn, it was shown that addition of ganglioside-containing vesicles to Aβ-peptide solutions 

accelerated the formation of Aβ-fibrils. In particular GM1 could promote the aggregation of Aβ,  

leading to the consumption, that membrane-bound Aβ might act as a seed which catalyzes 
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fibrillogenesis process and increase Aβ neurotoxicity (for detailed review: Matsuzaki et al. 2018) 

[280-285].  

The APP intracellular domain resulting from γ-secretase mediated intramembranous processing of 

APP CTFs has been shown to transcriptionally down-regulate the expression of GD3S [279]. 

Accordingly, the genetic inhibition of γ-secretase led to increased level of GD3. Inhibition of γ-

secretase also led to impairment of cellular lipid homeostasis by altering the uptake of lipoprotein 

particles [286, 287]. Together, these results indicate a close relation of lipid metabolism and the 

pathogenesis of AD. Ceramide and S1P contribution to Aβ biogenesis is illustrated in Figure 2. 

Sphingolipids and their relation to tau  

The relation between tau and ceramide metabolism is poorly characterized.  A study in PC12 cells 

reported that ceramide analogs such as N-acetylsphingosine and N-hexanoylsphingosine decreased 

the levels of tau via calcium-stimulated proteolytic activity [288]. Plus, agonist of the S1P receptor 

reduced tau phosphorylation [289]. However, addition of the ganglioside GM1 for 24 hours did not 

change tau levels in neuroblastoma cells [290]. Purification of hyperphosphorylated tau revealed a 

similar composition in cholesterol, SLs and phosphatidylcholine as in extracellular plaques 

suggesting that common lipid pathways are involved in the two pathological process [291]. 
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Figure 2. APP processing and ceramide interference. The amyloid precursor protein (APP) processing unfolds in 

specific membrane microdomains known as lipid rafts. If the lipid rafts are enriched with ceramide or S1P, the activity of the 
β-secretase and γ-secretase, the two proteolytic enzymes responsible of amyloid-β (Aβ) biogenesis, are potentiated favoring 
the amyloid-genic pathway. 

AD models with sphingolipid alterations 

In recent literature, dysregulation of SL and ganglioside homeostasis has been reported in AD animal 

models. However, not all animal models showed the same alterations, and some findings seem to 

be contradictive (Table 2). Kaya et al., used APP mice to evaluate SL homeostasis in AD mice. This 

model exhibits severe Aβ deposition at early onset, making it a valuable model to analyze the 

molecular mechanisms in AD pathology. The study shows significant localization of gangliosides and 

ceramide species to Aβ plaques, with local reduction of sulfatides [292]. Barrier et al., analyzed and 

compared brain gangliosides of different transgenic AD mouse models with age-matched wild type 

mice, and found an increase in GM2 and GM3 expression in the cortex of all mice expressing APP  

[293]. Loss of complex “a” gangliosides was found in APP/PS1 models, loss of complex “b” 

gangliosides was found in APP and APP/PS1 mice. Another study showed gender-dependent 

accumulation of ceramides in the cortex of APP/PS1 mice [294]. Ceramides accumulated in APP/PS1 
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mice, but not in PS1 mice. In addition, all other major SLs did not change in comparison with wild-

type mice. Interestingly, female mice displayed a significant increase in 2-hydroxy fatty acid 

ceramides, whereas male mice showed an elevation of non-hydroxy fatty acid ceramides. Barrier et 

al., had unexpected findings, using two mouse models; APP and APP/PS1, they analyzed ceramide 

and related SL levels, and found that there were no ceramide deposits in any of the AD models. They 

hypothesized that these findings were due to the fact that there was neither neuronal loss nor toxic 

Aβ species accumulation in APP mice. In another study, a mixed population of APP, PS1 and 

APP/PS1mice were used. In all animal models, significant changes were found in the lipid profiles of 

the prefrontal cortex and hippocampus [295] in the AD animals. Of these regions, the prefrontal 

cortex was most affected in terms of lipid alterations, containing decreased levels of 

lysophosphatidylcholine and phosphatidylethanolamine and increased levels of ceramide and 

diacylglycerol. There were also many alterations in individual lipid species, most severe in the 

APP/PS1 mice. Apparently, the changes in ceramide happen already during embryogenesis since 

elevation of long-chain ceramide was detected in newborn mice carrying human mutated PS1. This 

elevation of ceramide was accompanied by elevation of CerS2 and 4 expression [60].   

Caughlin et al, 2018 used wild-type rats and APP Fischer rats to quantify changes in membrane-lipids 

(gangliosides) [296]. They found that APP rats had a decreased level of complex gangliosides, and 

an increased level of simple gangliosides compared to the wild-type rats. Also, there was an age-

dependent decrease of GD1 and a clear increase of GM3 levels.  

6.5  Potential targets and modulators of the sphingolipid pathway 

SL bioactivity in the brain provides an appealing framework for comprehending AD pathology and 

for developing new intervention strategies. However, since the study of SL bioactivity is relatively 

young, very little is known about the therapeutic effect that the modulation of SL metabolism may 

have in AD. Here we discuss approaches to target the SL pathway, one with the aim to decrease 

ceramide content via the blockage of de novo synthesis or via the inhibition of SMases, the other to 

increase S1P signaling. As aforementioned, the elevated ceramide levels in the brain are thought to 

contribute to the apoptotic signaling and favor Aβ formation while low S1P levels eventually result 

in a reduction of neuroprotective signals.  

Hereafter, we will review a group of pharmacological agents known to inhibit the de novo SL 

synthesis and consequently reduce ceramide formation. From the first building block serine and 
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palmitoyl-CoA to the ceramide product, there are five enzymes that could be targeted: SPT, 3-keto-

dihydrosphingosine reductase, CerSs, dihydroceramide desaturase and CERT. Also, the 

sphingomyelin and glycosphingolipid synthesis will be briefly discussed, for its therapeutic potential. 

Next, we will review inhibitors of the SM hydrolysis cycle. SMases are a family of 

phosphodiesterases, which preferentially hydrolyse SM, producing phosphorylcholine and the 

bioactive sphingolipid ceramide. Of the five known isoforms here, we will discuss the N-SMase2 and 

the A-SMase. Since sphingomyelin is the quickest source of ceramide by blocking sphingomyelin 

hydrolysis the ceramide content is expected to efficiently decrease. Then, we will argue on the use 

of S1P analogs that are known to modulate S1P receptors. In this case the S1P analogs are expected 

to increase the protective signaling, stimulate cell growth (neurogenesis), reducing BBB permeability 

to monocytes and attenuating activation of glia cells, by mimicking S1P bioactivity. Compounds and 

their targets are listed in table 3 and represented on a cell scheme in figure 3. A last section will be 

dedicated to the RIPK inhibitors and pharmacological chaperones. 

 

Figure 3. Potential targets and modulators of the sphingolipid pathway. Ceramide formation can be inhibited by 

blocking the enzymes of the de novo synthesis. Alternatively, ceramide levels can be reduced by inhibiting the enzyme 
responsible for the breakdown of complex sphingolipids to form ceramide. Lastly, potentiating the neuroprotective effect of 
S1P signaling by S1P analogs that interact with S1P receptors is another possible approach. (SPT = serine palmitoyl 
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transferase; CerSs = ceramide synthases; CERTs = ceramide transporter proteins; SMS1 = sphingomyelin synthase 1; GCS = 
glucosylceramide synthase; CDase = ceramidase; A-SMase = acid sphingomyelinase; S1PRs = S1P receptors; N-SMase2 = 
neutral sphingomyelinase 2). 

Inhibitors of the de novo synthesis  

The inhibitors of the de novo synthesis are a class of heterogeneous compounds that have been 

mainly used in cell-based assays and rarely or never in vivo, due to their potential liver and kidney 

toxic effect that could lead to severe side effects [297, 298]. The most known compounds in this 

class are myriocin and L-cycloserine, fumonisins and N-(3-hydroxy-1-hydroxymethyl-3-

phenylpropyl) dodecanamide (HPA-12).  

Myriocin is a potent antibiotic derived from fungi which is used in the treatment of opportunistic 

infection. Interestingly, the compound shows also immunosuppressant activity [299, 300]. Myriocin, 

D- and L-cylcloserine are essentially very potent inhibitors of  SPT [301, 302]. Katsel et al., reported 

that SPT genes are upregulated in mild to severe stages of dementia even though the upregulation 

was not dependent on neurofibrillary tangles progression and ageing [225]. The inhibition of SPT 

was shown to be effective in preventing a harmful accumulation of SL intermediates like ceramide 

[298, 303, 304]. L-cycloserine administered on alternate days for 2 months exclusively reduced brain 

cerebroside levels and improved cognition in rodents [305].  

Fumonisins are a family of molecules that have a similar structure to sphinganine with potent anti-

fungi properties. It is thought that fumonisins occupy the pocket of sphinganine or sphingosine in 

CerS and thereby inhibit ceramide synthesis [306]. CerS 1, 2 and 6 are upregulated in AD brains 

[225]. However, Couttas et al., found that CerS 2 was less active in specific brain regions of AD 

severely affected by amyloid and tau pathology. Furthermore, CerS 6 KO mice, even though they did 

not show significant changes in brain ceramide composition, did show behavioral deficits [307]. 

Hence, it is unclear if the inhibition of CerS would treat AD condition without compromising overall 

brain function.  

HPA-12 is an inhibitor of CERT, a protein essential for the formation of more complex SLs such as 

sphingomyelin [308, 309]. HPA-12 can displace ceramide from the CERT’s START domain pocket 

preventing ceramide transfer to the Golgi [310]. In vitro experiments have shown that 

administration of HPA-12 to cells in culture reduce the synthesis of SM [308]. However, it is unclear 

if this results in an accumulation of ceramide as well or if the ceramide excess is diverted to the 

alternative pathway to form glucosylceramide. In contrast to SPT and CerSs, the CERTs expression is 
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probably downregulated in AD. Matarin et al., discovered that CERT mRNA expression levels are 

decreased in a genome-wide gene-expression analysis on transgenic mice during development of 

amyloid pathology [311]. This suggests that rather than a reduction of CERT activity an increase 

would be desirable. Besides being a ceramide transporter CERT has also extracellular functions 

[312]. Specific forms of CERT can be excreted and take part in stabilizing the basal membrane [313]. 

Interestingly, it was reported that CERT colocalizes with plaques deposits in the AD brain. Mencarelli 

et al., found that CERT could bind to serum amyloid P component and that this complex was localized 

close to plaques [314]. Later, CERT proteins were identified to bind C1q and activate the 

complement via the classical pathway. The complement activation mediated by CERT was 

comparable to that of the immunoglobulin M [315]. However, the formation of the membrane 

attack complex, end product of the complement classical pathway, did not seem to be the function 

initiated by CERT complement activation. These observations suggest that CERTs could play multiple 

roles in AD pathology. 

Other potential targets of the de novo synthesis are the enzymes that generate sphingomyelin and 

glycosphingolipids. Tamboli et al., demonstrated that the pharmacological inhibition of the 

glucosylceramide synthase (GSC) attenuated maturation and cell surface transport of APP. This 

effect was reversed by addition of exogenous brain gangliosides to cultured cells [275]. Others found 

that in human AD brains as well as AD transgenic mice models GSC is elevated, suggesting that GSC 

could be an attractive target [316]. A drug that has been used in the clinic to inhibit 

glycosphingolipids formation via CSC inhibition is Miglustat. Miglustat is a small iminosugar molecule 

that is now indicated for the treatment of the genetic disorder known as Niemann-Pick disease type 

C (NP-C). Interestingly, there are similarities between NP-C and AD pathophysiology. Symptoms such 

as cognitive impairment progressing to dementia with involvement of the cholinergic system are 

common to both diseases [317]. Furthermore, AD hallmarks like Aβ depositions and neurofiillary 

tangles are also found in NP-C [318, 319], even though the distribution in the brain appeared to be 

different [320]. Miglustat has shown to be stabilize or improve certain neurological manifestations 

in six clinical trials [321]. However, possible application of this drug in AD has not been explored yet. 

Inhibition of SMS1 through silencing by siRNA reduced Aβ formation by promoting BACE1 

degradation [322]. Mei-Hong et al; reported that SMS1 inhibition with D609 relocated BACE1 to the 

lysosome and relative levels of the enzyme were found decreased compared to control cells. This 
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study suggest ceramide and SM may have distinct functions in regulation of BACE1 stability through 

different molecular mechanisms.  

Direct and functional inhibitors of SMases 

The regulation of sphingomyelin levels can have a profound effect on physiological properties of the 

membrane, but also on cellular signaling [237, 323]. TNF-α, Fas ligand, or oxidative stress are known 

to be triggers for the activation of the enzymatic activity of SMases [324, 325]. One of the most used 

direct N-SMase inhibitor is GW4869 [326, 327]. GW4869 is a non-competitive inhibitor of N-SMase 

2 that protected cells from apoptosis mediated by ceramide accumulation. More recently, it has 

been shown that N-SMase 2 is crucial for exosome secretion and that GW4869 could interfere with 

this process. Dinkins et al., observed that intraperitoneal administration of GW4869 in a transgenic 

mice model of AD resulted in fewer exosomes containing ceramide and in a 40% decrease in plaque 

load [125, 328]. In the same work, authors reported that N-Smases 2 deficient mice with AD 

pathology improved memory performance compared to N-Smases 2 non deficient AD mice. 

Classic tricyclic dibenzoazepines (TCA) like imipramine or desipramine and selective serotonin 

reuptake inhibitors (SSRIs) have been used for years for the treatment of major depression and other 

mental disorders [329-331].  Interestingly, classic TCA’s and SSRIs are thought to affect the 

sphingolipid metabolism by inhibiting the activity of A-SMase [332, 333]. The proposed mechanism 

is that these compounds interfere with the binding of A-SMase to the lipid bilayer and thereby 

displacing the enzyme from its membrane‐bound substrate [334]. This causes the lysosomal enzyme 

to be degraded at a faster rate [335]. For this peculiar mechanism, these pharmacological agents 

have been defined as functional SMase inhibitors (FIASM) [331]. TCA and SSRIs have been used in 

the treatment of the depression symptoms in AD [336]. Depression is one of the common 

comorbidities of AD that appears during the progression of the disease [337]. Treatment of AD with 

venlafaxine and desipramine has been successful not only in controlling depression symptoms but 

also in preventing the cognitive decline [338]. Moreover, TCA or SSRIs given to AD animal models 

help coping with depression as well as cognitive symptoms [339-341]. This beneficial effect is 

thought to derive from TCA and SSRIs potentiation of the serotonin and norepinephrine system 

which is impaired in AD [342]. Surprisingly, it has never been explored if some of these beneficial 

effects of TCA and SSRIs in AD, derive from their FIASM activity, which could potentially restore the 

sphingolipid rheostat. Nevertheless, there are inconsistencies. In fact, the long-term effect of 
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escitalopram, an SSRI, administration showed to be inefficient in controlling plaques disease and 

even is contraindicated [343].  

S1P analogs and ceramidase/ceramide kinase stimulators 

Fingolimod or FTY720 is a sphingosine analog with a potent immunosuppressive activity [344]. Since 

2010 it is used in the clinic for the treatment of multiple sclerosis. Due to its peculiar modes of action, 

it could be repurposed for new therapeutic applications in other neurodegenerative diseases. To 

exert its immunosuppressive activity the drug requires to be phosphorylated in vivo by SKs to form 

the active moiety [345]. Phosphorylated Fingolimod binds to S1P receptors causing internalization 

and degradation of the receptor which leads primarily to lymphopenia in vivo [345]. Interestingly, 

new pharmacological actions have been discovered for Fingolimod. Firstly, it was reported that 

Fingolimod functionally inhibits A-SMase following the same mechanisms as FIASM drugs [346]. 

Secondly, it was found that Fingolimod in human pulmonary artery endothelial cells can inhibit CerSs 

decreasing dihydroceramide, ceramide, sphingosine, and S1P but increasing levels of 

dihydrosphingosine and dihydrosphingosine 1-phosphate [347]. Hence, Fingolimod mimics S1P 

biological activity and at the same time can reduce ceramide levels by FIASM and CerS inhibition. 

However, the multitarget effect has not been investigated yet in vivo by lipidomic analysis. 

In vitro and in vivo data suggest that FTY720 is a modulator of Aβ production independently from 

the S1P receptor activity. Cell based assays demonstrated that Fingolimod reduced γ-secretase-

mediated cleavage of APP thus attenuating Aβ release in the medium [348]. However, these findings 

were not replicated in vivo [348]. Intraperitoneal injection of Fingolimod for 6 days protected from 

Aβ-induced memory impairments and neural damage [349]. In alignment with this, Fukumoto et al., 

found that oral administration of Fingolimod ameliorated memory impairment in the object 

recognition and associative learning task in mice injected with amyloid. This effect was associated 

with restoration of normal BDNF expression levels in the cerebral cortices and hippocampus, 

suggesting that neuroprotection was mediated by up-regulation of neuronal BDNF levels [350]. 

Neuroprotection mediated by Fingolimod was also suggested by analyzing expression levels of SL 

metabolism (SPHK1, SPHK2, CERK, S1PR1) and pro-survival genes like BCL-2 in AD transgenic model 

[351]. However, beneficial effects of Fingolimod are abrogated by simultaneous administration of 

S1P receptor 1 specific blockers or SK inhibitors [352]. Indeed administration of SEW2871, a S1P 

receptor 1 selective agonist, ameliorated memory impairment and neuronal loss in an AD rat model 

[353]. In 5xFAD mice at 3 months of age, Fingolimod decreased plaque density as well as soluble 
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plus insoluble Aβ measured by enzyme linked immunoassay. Furthermore, FTY720 decreased GFAP 

staining and the number of activated microglia [354]. 

Van Doorn et al. showed the ability of Fingolimod to counteract ceramide-induced endothelial 

barrier alterations [144]. The beneficial effects of S1P and/or Fingolimod on brain endothelial cells 

might be mediated via S1P receptor 5 which, upon stimulation, reduces the expression of adhesion 

molecules on brain endothelial cells and prevents the migration of monocytes to the brain 

parenchyma [144]. The role of S1P on astrocytes was also investigated. Interestingly, several studies 

showed that astrocytes increase the expression of S1P receptor 3 when activated by S1P, which, 

together with S1P receptor 5 on brain endothelial cells, could be an attractive target for treatment 

of AD [144, 355, 356].  

Moreover, the stimulation of specific kinase to increase S1P or ceramide-1-phosphate production 

may also favor neuroprotective signals. Tada et al., discovered that Chinese hamster ovary cells 

incubated with the compound Vanadate increased ceramide breakdown by ceramidase activity and 

ceramide phosphorylation by ceramide kinase [357]. 

RIPK 1 inhibitors and pharmacological chaperones 

In section 2.3 we mentioned the RIPK as enzymes that interact with ceramide to mediate 

necroptosis. Necroptotic cell death or inflammatory cell death is characterized by cell swelling and 

rupturing of the plasma membrane caused probably by the formation of ceramide-enriched pores 

that have been previously named ceramidosomes [128]. There are five different RIPK that have been 

discovered and ceramidosomes formation are initiated by interaction of ceramide with RIPK1 

thereby composing a complex which is then transported to the membrane. RIPK1 is activated upon 

stimulation of on death receptor by TNF-α. RIPK1 is highly expressed in microglia in mouse and 

human brain samples [358]. In AD the levels of RIPK1 in brain samples are increased compared with 

controls and positively correlate with the reduction of Braak stages [358]. This elevation of RIPK1 

levels were also reported in 11 months old 5xFAD mice compared with non-transgenic littermates 

[359]. These evidences suggest the involvement of necroptosis in AD. RIPK inhibitors are small 

molecules that can penetrate the blood–brain barrier. RIPK inhibitors were tested in APP/PS1 mice 

and showed to reduce amyloid plaque burden [358]. The mode of action suggested is that, inhibition 

of RIPK1 reduces inflammatory microglia and restore the phagocytic ability of microglia which is 

impaired in AD. However, no lipidomic analysis was performed to measure ceramide levels after 
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RIPK inhibitors treatment and whether a metabolic therapy aimed to reduce ceramide level would 

also improve necroptosis in AD has still to be investigated. 

Recently, a new treatment strategy refered to as pharmacological chaperone therapy is emerging 

for treatment of neurogenerative diseases. Pharmacological chaperones are small molecules that 

are able to bind misfolded proteins in the endoplasmic reticulum and assist their folding, thus 

enabling them to pass the ER quality control and shuttle to the lysosomes [360]. Once in the 

lysosomes, the enzyme–chaperone complexes are dissociated due to low pH freeing the enzyme, 

now available to hydrolyze its natural substrate. This strategy has been use to increase the activity 

of glucoceramidasesk in Gaucher disease. There are no report on glucoceramidase levels or activity 

in AD therefore the impact of this kind of approach is still unkown.   

6.6 Conclusion and future perspective 

SL metabolism in AD is becoming progressively recognized. Genesis of SL bioactivity research is still 

in the juvenile stages. Therefore, therapeutic effect of sphingolipid metabolism modulation on 

specific organ function, and eventually in AD, remains undetermined. For instance, in AD the effects 

of SLs are not as clearly defined as in basal functions such as cell cycle control and neural 

differentiation. In AD excessive ceramide contributes to the pathology while and S1P it is protective 

to neurons. Simultaneously, ceramide is crucial in neuronal maturation while S1P agonistic 

activation of astrocytes and microglia contributes to AD pathology. Nevertheless, the evidence that 

manipulation of the SL metabolism can be a valid therapeutic approach in AD is increasing. Use of 

S1P analogs (like FTY720) or the N-SMase inhibitors (like GW4869) are two approaches that have 

shown to be effective in rescuing memory impairment, neuro-inflammation and Aβ pathology in AD 

models. Furthermore, there are many compounds that could be employed with similar 

pharmacological action which are used in the clinic or are in advance phases of clinical trials for 

other indications than AD. This could certainly benefit the repurposing of these drugs for AD, and 

eventually promote the development of new ones. 
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6.7 Tables 

Proteins 
Regulation (↑↓) / 

Enzyme activity (+/-) 

Brain regions analyzed Reference 

Serine palmitoyl transferase  ↑ 

Cortices, Hippocampus, 

Caudate Nucleus And The 

Putamen. 

[24] 

Ceramide synthases (1,2 and 

6) 
↑ 

Cortices, Hippocampus, 

Caudate Nucleus And The 

Putamen. 

[24] 

Sphingomyelinases ↑/+ Frontotemporal Area 

 

[25] 

Glucosyl ceramidase ↑/+ Cortices 

 

[26] 

Sphingolipid species in the 

brain 
Levels (↑↓) 

  

Ceramides (Cer20:0, Cer24:0) ↑ 

Middle Frontal Gyrus, 

Cerebellum, Temporal Gyrus, 

Inferior Parietal Lobule, 

Hippocampus And 

Subiculum, And The 

Entorhinal Cortex 

[27-29] 

S1P ↓  

Hippocampus, Inferior 

Temporal Gyrus, Superior 

Frontal Gyrus G And 

Cerebellum 

 

[30] 

Sphingomyelins  ↓  Frontotemporal Area   

 

[25] 

 

Table 1. Regulation of gene expression, enzymes activity and SLs species in Alzheimer’s disease 
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Sphingolipid type 
Levels (increase ↑ ; 

decrease ↓)  

 

Brain regions 

analyzed 

AD animal 

models 

 

Reference 

Ceramide 

Gangliosides 

Sulfatides 

↑ in proximity to Aβ 

plaques 

↑ in proximity to Aβ 

plaques   

↓ in proximity to Aβ 

plaques 

Somatosensory 

cortex, 

Hippocampus 

APP 
 

[31] 

Ceramide (unchanged) 
Cortex, 

Hippocampus 
APP/PS1 [32] 

Ganglioside 

(GM2/GM3) 
↑ 

Cerebral cortex, 

Cerebellum 

APP, PS1, 

APP/PS1 
[33] 

Ganglioside (GM3) 

Ganglioside (GD1) 

↑ 

↓ 

Subcortical 

nuclei, Cortical 

layers, 

Hippocampus, 

White matter 

APP (rats) [34] 

Ceramide ↑ 
Cortex, 

Hippocampus 
APP; PS1 

 
[32] 

Phospholipids (PS, 

PI, LBPA, LPC) 

SM 

Ceramide 

Ganglioside 

↓ 

↑ 

↑ 

↑ 

Prefrontal 

cortex, 

Entorhinal 

cortex, 

Cerebellum 

 

APP; PS1; 

APP/PS1 

 
 

[35] 

 

Table 2. Sphingolipid alteration in Alzheimer’s disease animal models. 
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Compounds Known targets Mechanism of action 

Myriocin 
Serine palmitoyl transferase  

Suicide inhibitor / immunosuppressant 
Immunosupressant 

S1P receptor agonist 

L-cycloserine 
Serine palmitoyl transferase 
NMDA receptor 

Inhibitor 
Partial agonist 

Fumonisins (B2) Ceramide synthases  Inhibitor 

HPA-12 Ceramide transfer proteins  Reversible inhibitor (competitor) 

L-Threo-1-phenyl-2-
decanoylamino-3-
morpholino-1-propanol 
(PDMP) 

Glucosyl ceramide synthase  Inhibitor 

D2/ Dy105 Sphingomyelin synthase 2  Inhibitor 

Desipramine (classic TCA) 
Acid sphingomyelinase  

FIAMs 
Acid ceramidases  

Fluoxetine (SSRIs) Acid sphingomyelinase  FIAMs 

FTY720 (Fingolimod) 

S1P receptors agonist  
S1P analog, functional antagonist of 
S1P receptors, inhibitor of ceramide 
synthase and acid sphingomyelinase 

Ceramide synthase 

Acid sphingomyelinase 

GW4869 Neutral sphingomyelinase 2  Inhibitor 

SEW2871 S1P receptor isoform 1 specific Agonist 

Halothane  - 
Stimulator of sphingomyelinases 
activity 

Vanadate  - 
Stimulator of ceramidase/ceramide 
kinase activity 

 

Table 3. Compounds that target proteins of the sphingolipid pathway with reported mechanism of action. 
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Abstract  

Sphingolipids (SLs) are bioactive lipids involved in various important physiological functions. The SL 

pathway has been shown to be affected in several brain-related disorders, including Alzheimer’s 

disease (AD). Recent evidence suggests that epigenetic dysregulation plays an important role in the 

pathogenesis of AD as well. Here, we use an integrative approach to better understand the 

relationship between epigenetic and transcriptomic processes in regulating SL function in the middle 

temporal gyrus of AD patients. Transcriptomic analysis of 252 SL-related genes, selected based on 

GO term annotations, from 46 AD patients and 32 healthy age-matched controls, revealed 103 

differentially expressed SL-related genes in AD patients. Additionally, methylomic analysis of the 

same subjects revealed parallel hydroxymethylation changes in PTGIS, GBA, and ITGB2 in AD.  

Subsequent gene regulatory network-based analysis identified three candidate genes, i.e. SELPLG, 

SPHK1 and CAV1 whose alteration holds the potential to revert the gene expression program from 

a diseased towards a healthy state. Together, this epigenomic and transcriptomic approach 

highlights the importance of SL-related genes in AD, and may provide novel biomarkers and 

therapeutic alternatives to traditionally investigated biological pathways in AD.  

Keywords: Sphingolipids, Alzheimer’s disease, epigenetics, Gene regulatory network, disease 

network analysis.   
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7.1 Introduction 

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder, representing 

one of the main causes of dementia [36]. The incidence and prevalence of AD has increased in the 

last 10 years representing a major challenge for the public health system and society. Currently, no 

therapy that can effectively halt or attenuate the disease process exists. 

AD is histologically characterized by the progressive over-production and accumulation of amyloid 

β (Aβ) peptide and hyperphosphorylated tau protein that lead to the formation of extracellular 

senile plaques and intracellular neurofibrillary tangles, respectively [37]. These pathological changes 

are associated with neurotoxicity and inflammation as well as neuronal degeneration, with large 

downstream effects on the physiology of the central nervous system (CNS). The complex 

pathogenesis of AD is still not fully understood, but there is a growing body of evidence suggesting 

that genetic and environmental factors are involved in the development and progression of the 

disease and associated cognitive impairment.  

A balanced lipid metabolism is essential for normal brain function, while dysfunction may contribute 

to neurodegeneration. While the link between aberrant lipid metabolism and AD was disclosed 

already in 1906 by Alois Alzheimer, its role in the pathophysiology of neurodegeneration gained 

more interest in 1993 when a higher risk for developing AD was found among those carrying the 

cholesterol transporter APOE type 4 allele [38]. Later, alterations in the balance of certain 

membrane/structural lipids such as sphingolipids (SLs) and ceramides were demonstrated to play a 

crucial role in AD. For instance, high serum ceramide levels in cognitively normal elderly individuals 

have been associated with an increased risk of developing cognitive impairment and subsequent 

AD. [39]. SLs are ubiquitous structural lipids in cellular membranes and also potent regulators of 

critical biological processes. In the brain, SLs are abundantly present in different cell types, including 

neurons and glia. To guarantee optimal neuronal function, the balance of SLs and associated 

metabolites is tightly regulated. Alterations of this balance may contribute to the development of 

disease [40] [41].  

Interestingly, different metabolic and lipidomic analyses have shown a positive association between 

SL metabolites and Aβ and tau in cerebrospinal fluid samples of healthy individuals with a familial 

history of AD [42]. These analyses have strengthened the notion that defects in SL metabolism 

correlate with Aβ and tau levels. Additionally, there is a large body of evidence that gangliosides, a 
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class of glycosylated SLs, contribute directly and indirectly to the initiation and progression of AD by 

facilitating plaque formation [40].  

Despite the fact that several studies are clearly showing an effective association between 

dysfunction of SL metabolism and AD, the specific molecular pathways driving these alterations still 

remain unclear. To this aim, a better understanding of the relationship between epigenetic and 

transcriptomic processes in regulating SL function is of utmost importance for elucidating the 

underlying role of SLs in the pathophysiology of AD and the potential development of novel SL-

targeted AD therapeutics. 

In the present study, we examined SL-related genes from an epigenetic-transcriptional point of view, 

to further understand the involvement of downstream SL (dys)function in AD. Accordingly, the main 

aim was to identify if, and if so, to which extent SL genes are dysregulated at the methylomic and 

transcriptomic levels in brain tissue from AD patients. For this purpose, we first identified a set of 

252 SL-associated genes based on manually selected Gene Ontology (GO) terms. The samples 

investigated in the current study represent a subset of data reported in Lardenoije et al. (2019), 

which passed our quality checking control, taking into account both the data on gene expression 

and DNA (hydroxy)methylation. Transcriptomic analyses showed a profound enrichment of SL-

related differentially expressed genes in AD brains. Among those, the conducted epigenetic data 

analysis revealed PTGIS, GBA, and ITGB2 to be differentially hydroxymethylated, reflecting a 

significant overrepresentation (Fisher’s exact test, P-value < 1.09e-06). Furthermore, to evaluate 

how SLs influence the disease, we performed a Gene Regulatory Network (GRN) analysis. The 

reconstructed phenotype-specific networks were employed for in-silico perturbation analysis and 

identified SELPLG, SPHK1 and CAV1 to be the most influential gene combination in the AD network. 

Taken together, these findings confirmed the initial hypothesis that SL metabolism is significantly 

altered in AD. Furthermore, the identification of dysregulated SL-related genes and systematic 

dissection of their downstream effects by in-silico network perturbation analysis revealed the 

potential of this approach to identify diagnostic biomarkers as well as aid in the development of 

novel SL-targeted AD therapeutics. 
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7.2  Material and methods 

Identification of sphingolipid pathway-associated genes 

The borders for classifying ‘sphingolipid related genes’ are not strict, which is mainly due to the lack 

of a clear classification of genes belonging to this metabolic pathway in the literature, as well as to 

lack of absolute boundaries between cellular processes in general. Hence, as an unbiased approach, 

we selected relevant manually curated Gene Ontology (GO) terms related to SL metabolism as 

provided in Supplementary file 1, including key terms such as ‘sphingoid metabolic process’ and 

‘sphingolipid transporter activity’. In addition, we included terms related to core SL-associated 

functions, such as caveola and membrane raft processing, in order to characterize the changes 

observed in those biological processes most directly related to SL function in our AD datasets. The 

reasoning behind the inclusion of ‘caveola’ is based on existing evidence in the literature which, 

amongst others, suggests that caveolin-1 (CAV1) deficiency results in altered cellular lipid 

composition, and plasma membrane (PM) phosphatidylserine distribution in CAV1-deficient cells 

[43]. We also included GO terms related to lipid rafts because they are enriched with sterols such as 

SLs (e.g. sphingomyelin and glycosphingolipids) and cholesterol, and they are associated with 

specific raft proteins [44]. 

After selection of terms, the genes connected to these terms were extracted by using the 

WikiPathways plugin for PathVisio, which allowed to save all elements connected to a GO term of 

interest in an xml type file format (gpml format) [45] [46]. This plugin requires the GO ontology file 

(‘go.obo’)[44] geneontology.org; downloaded Nov. 17th, 2018) and a bridgeDb file with gene 

identifier mappings (‘Hs_Derby_Ensembl_91.bridge’from www.pathvisio.org in this case) [47]. 

Thereafter, an R script was used to extract all contributing genes (as identified by their HGNC 

symbols) from the gpml files for each term. Subsequently, all information per gene was combined, 

by merging all GO terms from the selection by which the gene is annotated (Supplementary file 2). 

Furthermore, a basic ‘tree-like’ textual display of the selected terms was generated highlighting 

which sub-term(s) fall(s) under which exact master-term(s). For example, the master SL term 

‘sphingolipid metabolic process’ (GO:0006665) contains multiple sub-terms such as 

‘glycosylceramide metabolic process’ (GO:0006677), which, in turn, contains various sub-terms like 

‘ganglioside metabolic process’ (GO:0001573). For further details of this hierarchy, please see the 

Supplementary files 3, 4, and 5. In conclusion, this procedure resulted in a gene set consisting of 252 

SL-related genes that were assessed in downstream applications. 
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Post-mortem brain tissues 

This study made use of brain tissue from donors of the Brain and Body Donation Program (BBDP) at 

the Banner Sun Health Research Institute (BHSRI), who signed an informed consent form approved 

by the institutional review board, including specific consent of using the donated tissue for future 

research [48]. DNA was obtained from the middle temporal gyrus (MTG) of 46 AD patients and 32 

neurologically normal control BBDP donors stored at the Brain and Tissue Bank of the BSHRI (Sun 

City, Arizona, USA) [48] [49]. The groups were matched for age, gender, and APOE genotype. There 

were 38 male and 40 female samples with an average age of 85 years. The average Braak score for 

the considered samples was 3.85 with most of the samples belonging to Braak stages 3 and 5, 19 

and 17 samples, respectively. The organization of the BBDP allows for fast tissue recovery after 

death, resulting in an average post-mortem interval of only 2.8 hours for the included samples. A 

consensus diagnosis of AD or non-demented control was reached by following National Institutes of 

Health (NIH) AD Center criteria [48]. Comorbidity with any other type of dementia, cerebrovascular 

disorders, mild cognitive impairment (MCI), and presence of non-microscopic infarcts was applied 

as exclusion criteria. Detailed information about the BBDP has been reported elsewhere [48] [49]. 

The current analysis was performed on the only dataset around to date that includes both data on 

mRNA expression and levels of UC, 5-mC and 5-hmC. The uniqueness of this work therefore lies in 

the parallel analysis of data from several different, but interdependent layers of gene regulation 

extracted from the same AD and control post-mortem brain samples. A table summarizing the 

demographic characteristics for control and AD samples has been provided in the supplementary 

table S7. 

Differential gene expression analysis 

For differential gene expression analysis, Illumina HumanHT-12 v4 beadchip expression array data 

for the same MTG samples was obtained from a recently published study [50]. Preprocessing and 

analysis of the raw datasets was conducted in R (version 3.4.4) [51]. Raw expression data was log-

transformed and quantile-quantile normalized. For computing the cell type composition, the 

Neun_pos (Neuronal positive) cell percentage was calculated from the methylation data. The same 

regression model used for assessing methylation was applied to the expression data where the 

effects of age, gender and cell type composition were regressed out using limma (version 3.32.10). 

The nominal P-values obtained from limma were FDR-adjusted for only the set of 252 genes in the 
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SL pathway and only the genes with adj. P-value < 0.05 were considered significantly differentially 

expressed. 

Differential (hydroxy)methylation analysis 

For assessing differential DNA methylation (5-methylcytosine, 5mC), hydroxymethylation 

(5hydroxymethylcytocine, 5hmC) and levels of unmodified cytosine (uC), data was obtained from a 

recently published study from our group  [52], where Illumina HM 450K arrays were used for 

quantifying DNA (hydroxy)methylation status of 485,000 different human CpG sites. We only 

considered methylation datasets related to 46 AD patients and 32 controls for which the 

corresponding gene expression profiles were also available. Preprocessing and analysis of the raw 

datasets was conducted in R (version 3.4.4) [51]. Raw IDAT files corresponding to the selected 

individuals were read into R using the wateRmelon “readEpic” function (version 1.20.3) [53]. The 

“pfilter” function from the wateRmelon package (version 1.18.0) [53] was used to filter datasets 

based on bead count and detection p-values. Background correction and normalization of the 

remaining probe data was performed by using the “preprocessNoob” function of minfi package 

(version 1.22.1) [54]. Beta values for the probes were obtained by the “getBeta” function of the 

minfi package. We used the MLML function within the MLML2R package [55] for estimating the 

proportion of uC, 5mC and 5hmC for each CG site (CpG), based on the combined input signals from 

the bisulfite (BS) and oxidative BS (oxBS) arrays. All of the cross-hybridizing probes and the probes 

that contained a SNP in the sequence were removed resulting into 407,922 probes to be considered 

for the differential methylation analysis [56]. Raw IDAT files corresponding to the selected 

individuals were loaded into R using the minfi “read.metharray” function (version 1.22.1) [54] to 

generate an RGset for computing the cell type composition of the samples by using the 

“estimateCellCounts” function of the same package. For estimating the cell composition, we used 

the FlowSorted.DLPFC.450k package (version 1.18.0) [13] as the reference data for “NeuN_pos” cell 

composition within the frontal cortex. The limma package (version 3.32.10) [57] was used to 

perform linear regression in order to test the relationship between the beta values of the probes 

and the diagnosis of AD. The used regression model considered beta values as outcome, AD 

diagnosis as predictor, and age, gender, and neuronal cell proportion as covariates. In order to 

identify significantly differentially methylated probes (DMPs), FDR correction for multiple testing 

was applied, where unadjusted P-values were corrected for those 103 genes that were significantly 
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differentially expressed and belong to the SL pathway. Illumina human UCSC annotation was used 

for assigning methylation probes to the HGNC gene symbols.  

Correlation between methylation state and gene expression 

For those CpG sites and associated genes that showed significant differences in 

(hydroxy)methylation and gene expression levels in AD patients and controls, we assessed whether 

there was a significant association between the normalized (hydrox)methylation beta values and 

corresponding gene expression levels, across all samples. For this purpose, we used the “cor.test” 

function from the base R package to calculate the Spearman correlation coefficient for the paired 

samples.    

Gene-gene interaction network Gene Regulatory Network (GRN) reconstruction 

We used the software Pathway Studio [58] to obtain directed functional interactions between the 

genes belonging to SL associated pathway. The ResNet Mammalian database in Pathway Studio 

contains a collection of literature-curated and experimentally validated directed gene-gene 

interactions. The high level of literature curation ensures the creation of confident interaction 

network maps. In order to obtain a set of functional regulatory interactions among the selected 

genes, our analysis was restricted to interactions belonging to categories “Expression”, 

“Regulation”, “Direct Regulation”, “Promoter Binding”, and “Binding”. The obtained interactions are 

directed, i.e. the source and target genes are known. Furthermore, information about the 

interaction type (activation or inhibition) is taken into consideration, if available. 

In order to reconstruct phenotype-specific networks for disease (AD) and healthy phenotypes, we 

employed an in-house developed differential GRN reconstruction approach [59]. Briefly, this tool 

relies on a genetic algorithm for removing interactions that are not compatible with Booleanized 

gene expression states of the disease and control phenotypes. As some of the interactions retrieved 

from Pathway Studio have an unspecified effect, i.e. information on the activating or inhibitory 

consequence of the interaction is missing, the tool also infers missing regulatory effect data from 

the given gene expression and network phenotype under consideration. Here, we used the set of 

significantly differentially expressed SL genes and regulatory interactions between them obtained 
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from Pathway Studio, to reconstruct differential networks with stable steady states representing 

the disease and healthy phenotypes. 

In-silico network simulation analysis for phenotypic reversion 

The differential network topology allowed us to identify common and phenotype-specific positive 

and negative elementary circuits, i.e. network paths which start and end at the same node and with 

all the intermediate nodes being traversed only once. These circuits have been shown to play a 

significant role in maintaining network stability [60] and the existence of these circuits is considered 

to be a necessary condition for having stable steady states [61]. Regarding the biological relevance 

of these circuits, it has been shown that perturbation of genes in positive circuits induces a 

phenotypic transition [62]. Furthermore, the differential network topology also aids in identifying 

differential regulators of the genes common to both phenotype-specific networks. Altogether, the 

differential regulators and genes in the elementary circuits constitute an optimal set of candidate 

genes for network perturbation as they are predicted to be able to revert most of the gene 

expression program upon perturbation. Identification of network perturbation candidates was 

carried out using the Java implementation proposed by Zickenrott and colleagues [59]. The same 

software was used to perform a network simulation analysis by perturbing multi-target 

combinations of up to three network perturbation candidate genes. As a result, a ranked list of 

single- and multi-gene combinations (maximally 3 genes) is obtained, and scores for each 

combination, which represent the number of other genes in the network whose expression is 

predicted to be reverted through the chosen perturbation genes. Generally, a high score for a single- 

or multi-gene perturbation is indicative of its ability to regulate the expression of a large subset of 

downstream genes, hence playing a key role in the maintenance and stability of the phenotype 

under consideration. 
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7.3 Results 

Transcriptome analysis of sphingolipid genes  

In order to identify SL-associated genes, we used the chosen gene ontology (GO) terms as previously 

described and employed the WikiPathways plugin [45] for PathVisio [46] to convert each GO term 

of interest into a tree-like pathway diagram, which facilitates extraction of the mapped genes. By 

removing the genes belonging to irrelevant families and keeping only those related to SL GO terms, 

we identified 252 genes involved in SL-related processes. Next, information on the expression of 

these 252 genes within the MTG was extracted from available microarray data, derived from brain 

tissue samples of AD patients and age-match controls [52]. The genome-wide differential expression 

analysis (DEA) of the transcriptomic data highlighted 7,776 genes as significantly (FDR corrected P-

value ≤ 0.05) differentially expressed between AD and controls. By applying multiple testing 

correction for the number of SL-associated genes, we confirmed 103 out of 252 genes as significantly 

differentially expressed (see Table 1 for the top 30 differentially expressed genes and supplementary 

file 6 for a complete overview of genes in the networks). 

GeneName logFC FDR_adj_Pval GeneName logFC FDR_adj_Pval 

STS -0.221 0.000001 PPM1L -0.139 0.000538 

ARSG -0.148 0.000011 SMO 0.331 0.000538 

EZR 0.631 0.000017 VAPA -0.279 0.000538 

ALOX12B -0.195 0.000033 ST8SIA2 -0.11 0.000538 

ST6GALNAC5 -0.921 0.000033 ELOVL4 -0.633 0.000538 

B3GALNT1 -0.387 0.000033 CDH13 -0.654 0.000571 

GLTP 0.484 0.000111 RFTN1 -0.382 0.000624 

CLN8 0.269 0.000163 EHD2 0.327 0.00075 

CD8A -0.122 0.000179 ST8SIA5 -0.319 0.000784 

MAL2 -0.994 0.000196 PRKD1 0.301 0.000784 

TFPI 0.241 0.000226 AGK -0.43 0.000784 

CSNK1G2 0.347 0.000272 ATP1A1 -0.553 0.000932 

RFTN2 0.529 0.000333 ANXA2 0.369 0.000932 

KDSR 0.372 0.000388 GBA -0.206 0.001177 

P2RX7 0.466 0.000528 CLIP3 -0.256 0.001177 
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Table 1: Top differentially expressed SL genes. A list of the top significantly differentially expressed genes (FDR 

adjusted P-value < 0.05) when comparing AD and control samples. Over-expressed genes have a positive logarithmic fold-

change (logFC), under-expressed genes have a negative logFC. Here, logFC represents the estimate of the log2 fold-change. 

The SL pathway is significantly dysregulated in AD 

The comparison of genome-wide gene expression data for SL-associated genes between AD patients 

and unaffected controls revealed that 24.5% (7,776 out of 31,726 genes) of the genes were 

significantly differentially expressed (adj. P-value < 0.05) between the two conditions. However, out 

of the 252 identified SL pathway-associated genes, 103 had significantly altered activity (40.87%), 

reflecting a significant overrepresentation (Fisher’s exact test, P-value < 7.0e-09). In terms of 

epigenetic dysregulation, no significant alterations were observed after multiple testing 

adjustments. Prior to the adjustments, 129, 109, and 170 probes displayed nominally significant 

(unadjusted P-value < 0.05) differential levels of 5-mC, 5-hmC, and uC, respectively. Larger sample 

sizes will be required in the future to assess whether FDR-adjusted significance can be shown for 

these probes at the observed effect sizes. These CpG sites were associated to 90, 78, and 112 unique 

genes, respectively. Interestingly, we noticed a relatively high degree of overlap in genes when 

comparing the various cytosine states (a Venn diagram representing the overlap of genes across 

different levels is shown in Figure 1A). Similarly, the overlap of specific probes across different 

epigenetic levels is depicted in Figure 1B. Notably, there were 28 genes that were both nominally 

differentially methylated, hydroxymethylated as well as displaying different levels of unmodified 

cytosine (Figure 1A), showing consistent differences across all levels of methylation. This suggests 

that there is a robust cluster of alterations in an epigenetic regulatory circuit centered around SL-

associated genes in AD. 
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Figure 1: Overlap of differentially methylated genes and probes. A) Overlap between genes across different 

cytosine states (hmC, mC, uC) that display nominally significant differential levels in AD compared to controls (unadjusted P-
value < 0.05). B) Overlap between nominally significant probes across all three cytosine states. 

Next, in order to assess the significance of DNA (hydroxy)methylation changes, we corrected the p-

values for multiple hypothesis testing. Three CpG sites, associated to PTGIS, GBA, ITGB2 genes, 

displayed differential levels of hydroxymethylation after corrections (P-value < 0.00048) when 

comparing AD and control samples (see Table 2). Differential hydroxymethylation analyses showed 

a profound enrichment of SL-related differentially hydroxymethylated genes in AD brains, reflecting 

a significant overrepresentation (Fisher’s exact test, P-value < 1.09e-06).  

 

 

 

  

Table 2: Differentially methylated probes. Significantly differentially (FRD-corrected) hydroxymethylated (hmC) probes 

when comparing AD patients and controls.  

Correlation analysis of cytosine states and mRNA expression 

In order to examine the association between alterations at the epigenetic and transcriptomic level, 

we tested the significance of the Spearman correlation between the nominally differentially 

Gene Name Probe Name logFC P-value 

PTGIS cg07612655 0.037 0.00008 

GBA cg19257864 0.036 0.00017 

ITGB2 cg18012089 0.062 0.00047 
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methylated probes at the mC, hmC and uC levels, and their corresponding gene expression levels 

across all samples (table 3). No correlations were significant after multiple testing adjustments, but 

nominal significance (P-value < 0.05) between 15 differentially methylated probes (mC) and 

corresponding gene expression levels was observed, which may serve as candidates for further 

evaluation using larger sample sizes. Similarly, 10 hmC and 10 uC probes were found to have 

nominally significant correlations with corresponding gene expression levels. Interestingly, many 

genes displayed a nominally significant association between levels of multiple types of cytosine 

states and mRNA expression. For example, the CLN8 gene a significant association between 

differential methylation at the mC hmC and mRNA expression level was observed (table 3).  
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  5mC   5hmC   uC   

Name CpG site Correlation P-value Correlation P-value Correlation P-value 

ST6GALNAC5 cg00294096 0.3726 8.0E-04 - - - - 

CSNK1G2 cg01335597 n.s. n.s. - - -0.2535 0.0251 

ANXA2 cg02072495 -0.3281 0.0034 n.s. n.s. - - 

ENPP7 cg02715531 - - -0.2334 0.0398 - - 

TFPI cg04144365 - - n.s. n.s. -0.2555 0.0242 

SMO cg04478795 -0.3099 0.006 n.s. n.s. - - 

CLN8 cg04685163 0.2664 0.0184 n.s. n.s. n.s. n.s. 

CLN8 cg11192059 0.3739 7.0E-04 -0.316 0.0048 - - 

CLN8 cg27351978 0.3039 0.0068 - - - - 

PRKD2 cg06280512 -0.3127 0.0055 - - - - 

PRKD2 cg10779826 0.2811 0.0129 - - -0.2738 0.0155 

PRKD2 cg10829227 - - - - -0.3623 0.0012 

PRKD2 cg16580765 - - - - -0.3824 6.0E-04 

PRKD2 cg26591117 0.2415 0.0334 -0.2237 0.0491 - - 

ATP1B1 cg07136905 - - -0.2971 0.0083 0.3636 0.0011 

DLC1 cg08768218 0.2519 0.0264 -0.2376 0.0365 - - 

CDH13 cg09415485 -0.2782 0.0139 - - - - 

DLG1 cg09732145 0.2234 0.0495 - - n.s. n.s. 

EHD2 cg10720699 - - - - -0.3047 0.0069 

S1PR3 cg13641920 - - 0.2588 0.0224 -0.2384 0.0358 

CD8A cg13847640 -0.2319 0.0413 - - 0.2846 0.0118 

ENPP7 cg15739835 n.s. n.s. -0.2414 0.0332 - - 

SPHK1 cg17901038 0.2674 0.0179 -0.2591 0.022 - - 

ITGB2 cg18012089 - - 0.2443 0.0312 n.s. n.s. 

GBA cg19257864 - - -0.3202 0.0043 0.2741 0.0151 

ORMDL2 cg22695998 0.3025 0.0073 - - - - 

Table 3: Differentially expressed genes displaying a nominally significant correlation between mC, hmC and/or 

uC levels and mRNA expression. n.s: non-significant; -: not applicable (i.e. CpG site not displaying nominally significant 

alterations at the [hydroxy]methylation level). 

Finally, we assessed whether there is a relationship between levels of gene expression and 

methylation with measures of AD pathology. We have computed a Spearman correlation analysis 

comparing expression levels of individual SL-related genes across all samples with the available 

pathological measures (e.g. CERAD, Braak, Plaque, Tangle, and CSF scores). We observed significant 

associations between some of the top-ranked DEGs and various pathological measures. For 
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example, the correlation coefficient between STS gene expression values and CERAD scores is -0.49 

with a hochberg-adjusted P-value of 5.35E-06. The correlation coefficient between the expression 

of this gene and Braak score is -0.60 with a hochberg-adjusted P-value of 1.99E-06. The data is 

provided as supplementary tables (S10-13) and, additionally, in the case of a significant association 

between gene expression and disease pathology markers, in the form of a heatmap (Supplementary 

image S1). Similarly, we examined the correlation between the beta values representing the mC, 

hmC, and UC levels and the pathological measures described above. The results are provided in the 

form of supplementary tables S12 (hmC), S13 (mC), and S14 (UC) describing the correlation between 

methylation levels and various pathological features. 

Gene regulatory network analysis reproducing context- specific network  

In order to gain a deeper understanding of SL-associated dysregulations at a systems level, we 

conducted a differential gene regulatory network (GRN) analysis to reconstruct two context-specific 

networks, representing the AD and unaffected control phenotypes. The employed GRN 

reconstruction approach [59] relies on Booleanized differential gene expression data and a prior 

knowledge network (PKN) of gene-gene interactions to reconstruct context-specific networks. The 

reconstructed AD network comprised 41 genes and 64 interactions (Figure 2A), whereas the 

unaffected control phenotype network consisted of 42 genes and 57 interactions (Figure 2B). 

Although both the networks representing the AD and control phenotypes look very similar, the 

underlying differences actually lie in the expression levels of the genes in the networks, i.e. whether 

they are up- or down-regulated in the respective phenotypes. As we operate in a differential 

expression setting, a gene that is up-regulated in the AD phenotype, is down-regulated in the control 

phenotype and vice versa. Therefore, changes in the network topology are not the main 

denominator, but the state (expression) of the genes in the respective networks (i.e. up- or down-

regulated) is. Further information about the topological characteristics (e.g. in- and out-degree, 

closeness centrality, and clustering coefficient) of the networks representing the disease and 

healthy phenotype are provided in supplementary tables (table S8 and S9), helping us in identifying 

the subtle differences in the networks that can be overlooked by simply looking at the images of 

network topology. 
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Figure 2: Gene regulatory network (GRN) of SL metabolism in disease and control phenotypes. A) GRN 

representing the disease phenotype containing 41 nodes (transcription factors and genes) and 64 interactions; B) GRN 
representing the unaffected control phenotype and containing 42 nodes and 57 interactions. Green arrowhead lines in the 
network represent positive interactions, i.e. activation (50 and 43 in the disease and control phenotype networks, 
respectively), while red lines represent negative interactions, i.e. inhibition (14 in both phenotype networks). 

In-silico network perturbation shows candidate genes able to revert the AD phenotype   

Following the paradigm of modeling diseases as network perturbations [63], we performed in-silico 

network perturbations to identify the most influential combinations of genes in the constructed GRN 

representing the AD phenotype. This network perturbation analysis highlighted the key roles of the 

perturbation candidates in the GRN and revealed that a three-gene perturbation combination, 
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involving CAV1, SPHK1, and SELPLG, has the potential to revert the expression levels of 18 genes in 

the network from a disease phenotype towards a healthy phenotype (see Table 4).  

Although the gene signatures identified here are not necessarily responsible for disease onset and 

progression, they are predicted to revert the expression of a large number of disease-associated 

genes upon perturbation in the in-silico network model representing the disease phenotype. This 

indicates a key regulatory role of the predicted genes in the establishment and maintenance of the 

disease phenotype. Taken together, the in-silico network perturbation analysis highlights novel 

candidates that could serve as potential targets for therapeutic intervention in AD. 
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Rank Score Combination Rank Score Combination 

1 18 SELPLG, SPHK1, CAV1 11 16 SPHK2, CAV1, S1PR3 

2 17 SPHK1, CAV1, S1PR3 12 16 SPHK2, CAV1, HMOX1 

3 17 SPHK1, CAV1 13 16 SPHK2, CAV1 

4 17 SELPLG, SPHK2, CAV1 14 16 SPHK1, CAV1, TNFRSF1A 

5 17 SELPLG, CAV1, S1PR3 15 16 SPHK1, CAV1, MAPK1 

6 17 SELPLG, CAV1, HMOX1 16 16 SELPLG, SRC, CAV1 

7 17 SELPLG, CAV1 17 16 SELPLG, CAV1, TNFRSF1A 

8 17 CAV1, SPHK1, HMOX1 18 16 SELPLG, CAV1, MAPK1 

9 16 SRC, SPHK1, CAV1 19 16 CAV1, S1PR3 

10 16 SPHK2, SPHK1, CAV1 20 16 CAV1 

Table 4. Top 20 key candidate genes combinations identified by in-silico network perturbation analysis. 
Perturbation score (Score) represents the total number of genes whose gene expression is reverted upon inducing a 
perturbation of a given gene combination (Combination).  
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7.4 Discussion 

While new high-throughput sequencing technologies and computational analyses of omics datasets 

have extended our knowledge on AD, the mechanisms underlying the dysregulation of cellular 

pathways in AD still require further investigation. In this study, characterizing interconnected layers 

of regulation, we provided more insight into the genes and mechanisms behind the dysregulation 

of specific SL pathways in AD.  We were able to identify SL-related genes differentially expressed in 

AD patients which also display multiple types of epigenetic alterations affecting different cytosine 

states, corroborating the relevance of SL alterations in AD. Furthermore, using in-silico analyses, we 

identified key regulatory genes in the disease-specific network and candidate genes able to revert 

the disease state towards the healthy phenotype. These data have helped to identify specific SL-

related cellular processes that display pronounced alterations in AD, with potential relevance for 

the development of new biomarkers and therapeutic strategies.   

Many SL-related genes display altered expression and DNA (hydroxy)methylation in AD.  

The present study reveals a significant enrichment of SL-related gene expression alterations in the 

MTG of AD patients in comparison to age- and sex-matched controls. We observed significant 

differential expression in 103 out of 252 SL-associated genes. Many of these genes have already 

been reported to display alterations in AD and/or other neurodegenerative disorders. For example, 

STS, encodes for a sulfatase protein representing the top underexpressed gene in our data set, is 

involved in the synthesis of cholesterol, which is a well-known interactor of SLs and fundamental to 

maintain the equilibrium of cell membranes in philological functions [64]. STS has previously been 

observed to have decreased expression in AD [65] and to harbor a genetic variant associated with 

cognition [66]. Similar to STS, ARSG, encodes for a sulfatase and is  involved in the formation of 

cholesterol and steroids [67]. As aforementioned, the regulation of SLs metabolism by steroid 

hormones is involved in several physiological events as development, reproduction, and metabolism 

[64]. Furthermore, EZR, encoding for the protein ezarin, a top-ranked over-expressed gene in our 

data, also showed increased expression in other studies on AD [68]. EZR, is an intermediate between 

the plasma membrane and the actin cytoskeleton, has recently emerged as a target of SL regulation 

mainly during endocytosis, exocytosis and cellular trafficking. [69]. In fact, Sphingosine 1-phosphate 

(S1P) activates ezrin-radixin-moesin complex proteins contributing to cytoskeletal remodeling and 

changing membrane properties, which is essential for cellular homeostasis [70]. Interestingly, the 

analysis also reveals new AD-associated alterations, such as the overexpression of CLN8, a gene that 
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has previously been linked to neurological dysfunction, but not directly to AD [71]. CLN8, 

hypothesized to mediate SL synthesis, known to be involved in the ceramide synthesis and 

homeostasis [72], also displayed a significant (albeit nominally) positive correlation between 

expression levels and DNA methylation and a negative correlation with DNA hydroxymethylation.  A 

further new gene of interest is ARSG, underexpressed in AD in the analyzed data. While it has 

previously been linked to multiple complex disorders such as lysosomal storage disorders, certain 

cancers, and neurodevelopmental dysfunction [73], our study provides the first evidence for a 

dysregulation of ARSG in AD.  Another SL-related gene displaying multiple alterations was ITGB2, 

encoding integrin subunit beta 2. This gene has been demonstrated to influence the reorganization 

of lipid rafts, membrane platforms rich in SLs [74]. ITGB2 displays significant hyper-

hydroxymethylation as well as increased mRNA expression in AD patients, which is in line with a 

previous study reporting increased expression levels of this gene in a mouse model of AD [75]. 

Notably, we also observed a positive correlation between expression levels and DNA 

hydroxymethylation for ITGB2. Similarly, the gene PTGIS showed increased DNA 

hydroxymethylation in AD. It has previously been suggested to contribute to neurodevelopmental 

disorders, including childhood onset schizophrenia, and up to now was never linked directly to AD 

[76]. Epigenetic variation was also observed in GBA, which displayed an increased level of 

hydroxymethylation, concomitant with a negative correlation with its expression levels. This gene is 

known to harbor risk factor variations associated with Parkinson’s disease [77], but has not been 

linked directly to AD. Finally, PRKD1, which encodes for the protein kinase D1 [78] displayed 

increased expression, concomitant with an increase in DNA methylation in AD patients, indicating 

an altered epigenetic regulation. Interestingly, this protein kinase has been suggested to have 

protective functions in Parkinson’s disease [79], but has, to the best of our knowledge, not been 

studied in the context of AD. 

Gene regulatory network and perturbation analysis 

Given the results from previous studies showing significant alterations of SL-related genes in AD 

patients, we aimed to provide a more comprehensive and detailed characterization of these 

alterations at the gene regulatory network level. For this purpose, we conducted an integrative 

analysis of genes involved in SL functions by reconstructing phenotype-specific networks for AD 

patients and unaffected controls. Using a dedicated GRN approach and associated perturbation 

analyses, we identified multiple genes, in particular CAV1, SPHK1, and SELPLG, that could play a key 
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role as regulatory genes in maintaining the AD phenotype. Interestingly, a single gene perturbation 

of CAV1 alone was predicted to normalize gene expression profiles of 16 genes in the AD network, 

providing a promising candidate for further experimental investigation. Moreover, CAV1 was over-

expressed in AD patients, consistent with findings from prior studies that have linked its elevated 

expression levels to cerebral amyloid angiopathy in AD [80] [81]. Similarly, the gene SPHK1 was 

found both to represent a key regulatory node in the network maintaining the AD phenotype and 

occurred among the top candidate genes derived from the in-silico network perturbation analysis. 

Furthermore, SPHK1 displayed a significant correlation between expression levels and 

(hydroxy)methylation levels. These results are in line with a previously suggested role of this gene 

in the progression of AD [82] [83] [83]. 

Both CAV1 and SPHK1 encode for key proteins involved in SL pathways and SL metabolism. CAV1, 

which encodes for the membrane protein caveolin 1, displays a strong and dynamic interaction with 

SLs in cellular membranes in which they concomitantly and reciprocally regulate each other’s levels 

and functions [84]. In particular, CAV1 interacting with cholesterol and sphingomyelin affects the 

structural composition of lipid rafts, thereby influencing the transduction of physiological signaling 

as well as pathological processes. A disturbed balance of CAV1-SLs rich-membrane domains has 

been implicated in various pathological processes linked to neurodegeneration, prion disease and 

viral infections [85] [15]. SPHK1 is a central enzyme in SL pathways, it phosphorylates sphingosine 

(S) into sphingosine 1 phosphate (S1P), which represents a potent SL that acts as an activator of 

various cellular signaling pathways regulating stress resistance, proliferation, differentiation, and 

mature phenotypes of nervous system cells. In particular, S1P, modulates pathways known for their 

engagement in the regulation of cell survival and differentiation, and therefore it is also recognized 

as an important molecule during aging [86]. Dysregulation at the level of S1P, caused by alterations 

in SPHK1 activity, has damaging consequences on the physiology of the brain leading to 

neurodegeneration and neuroinflammatory processes [87]. 

 As such, SPHK1 plays an important role in various cellular processes including cell proliferation, 

differentiation, angiogenesis and inflammation. Furthermore, it has been implicated in different 

disorders including AD [88] [89] [90].  

Finally, SELPLG, another gene ranked high in the perturbation analysis, encodes for the E-selectin 

receptor, which cross-interact with glycoSLs in the membrane, promoting the transduction of E-

selectin–mediated signaling [91]. SELPLG, was also found to be upregulated in the brains of mice 
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suffering from cerebral amyloidosis in a prior study [92], lending further support to a potential 

involvement of this gene in AD. 

7.5 Conclusion 

Overall, our integrative analyses have revealed both novel candidate AD-associated genes and 

confirmed previously reported associations. As a limitation, the moderate sample size available for 

the study might have restricted the detectable changes in AD, and further analyses on independent 

samples are warranted. In spite of these restrictions, our results show a statistically significant 

enrichment of changes in SL genes and related pathways in AD, corroborating the key role SL-

associated alterations in AD. The data presented here may serve as a starting point to help filling 

the current knowledge gaps concerning the role of SLs in AD. Follow-up studies using extensive 

molecular profiling analyses across multiple brain regions in combination with perturbation 

experiments using in-silico and in-vivo AD models are needed to obtain a more comprehensive 

characterization and mechanistic understanding of the role of SLs in AD. 
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In my PhD project, I investigated the role of lipids and lipid transporters in several pathophysiological 

pathways with the aim to narrow the knowledge gap of their involvement in membrane dynamics, 

neuroinflammation and Alzheimer’s disease.  

In my work, I have been able to show that CERTs, the ceramide transfer proteins, not only participate 

in the biogenesis and lipid composition of EV but are also present in the cellular membrane, 

specifically in the lipid rafts (see Chapter 3). Furthermore, I discovered that CERTs are binding 

partners of several proteins involved in diverse cellular cascades mainly related to oxidative stress 

and immune response (see Chapter 4). My experiments, shown in Chapter 4, indicate that CERTL 

binds to the transcription factor STAT6 forming a complex in the cytoplasm. The co-expression of 

STAT6 and CERTL decreases gene expression, protein levels of CERTL and reducing also the SL 

composition in the cells, confirming the potential role of CERTs in involvement the immune response 

via different pathways. 

Finally, my experiments described in chapter 7 helped to identify SL-related genes differentially 

expressed in AD patients which also display multiple types of epigenetic alterations affecting 

different cytosine states, corroborating the relevance of SL alterations in AD. Taken together, these 

findings provide insights into links between  membrane dynamics, neuroinflammation and 

Alzheimer’s disease and may serve as the basis for further research, and possible future intervention 

to slow and/or repair components of the pathology of AD and other neurodegenerative disorders. 

Below, I discuss some of my key findings in a larger framework and I provide a viewpoint. 

CERTS involved in cell membrane dynamic. 

The sphingolipid ceramide is important for membrane structure and extracellular vesicles (EVs) in 

cells [1]. Even if there is evidence on the regulation of the EVs formation by ceramide [2], it is still 

not clear how the lipid and proteins interact in the membrane to generate EVs and how the lipid 

profile of the vesicles is determined. 

In Chapter 2, we demonstrated that CERTs are involved in the formation of EVs and controls the 

ceramide levels associated to EVs. Firstly, it was demonstrated that CERTs can be released 

extracellularly via multi vesicular endosomes (MVE) and that CERT forms a complex with Tsg101, 

protein which is part of the endosomal sorting complex required for transport (ESCRT) [3] and 

triggers generation of EV. Ceramide is necessary for the formation of the complex between Tsg101 

and the START domain of CERTs. Thus, the reduction of Ceramide biosynthesis reduced the CERTs-
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Tsg101 complex. In line with this, we demonstrated that the over-expression of CERTs in neuronal 

cells increases EV secretion while inhibition of CERTs with the drug HPA-12 (ceramide analogue) 

reduced EV formation and the concentration of ceramide and sphingomyelin in EV. Importantly, our 

results provide evidence on the fundamental role of CERTs in the formation and lipid composition 

of the EV. These findings open a new area for therapeutic strategies aimed to reduce biogenesis and 

ceramide enrichment of EV in disease conditions of the brain. 

After demonstrating in chapter 2 that CERTs are part of EV, and can be released extracellularly, in 

chapter 3 we showed that CERTs are also localized in the lipid rafts. Lipid rafts are proteins-lipid 

domains present in the external leaflet of the plasma membrane composed by several class of lipids 

and diverse proteins [4]. The exact composition is still unclear, nevertheless, many studies 

demonstrated that these microdomains are sites of important physiologic regulations of many 

pathways [5] . To monitor lipid rafts composition is one of the biggest challenges nowadays and it if 

of extreme importance for better understanding particular molecular events [6]. Therefore, we 

developed a method to monitor lipid rafts dynamic using CERTs targeting antibodies. Antibodies are 

more accessible and reliable tools to target these multi factorial domains compared to the methods 

regularly used to record their composition and changes. 

CERTs and SLs play a role in inflammatory pathways and neurodegenerative processes 

The localization of CERTs in the lipid rafts strengthen the existing findings that these proteins are 

involved in several biological functions. Nevertheless, it is still not clear which is the role in triggering 

or modulating pathophysiological cascades, mainly during inflammation and neurodegeneration. In 

our previous studies we have demonstrated that CERTs are able to bind and activate C1q [7], central 

protein of the complement system cascade  and the amyloid precursor protein (APP), fundamental 

protein for familial AD pathology [8]. Therefore, in order to elucidate other possible binding partners 

of CERTs in chapter 4 we have performed a Y2H system analysis with the long isoform of CERTs and 

a human brain cDNA library. We have demonstrated that CERTL binds several proteins involved in 

oxidative stress and inflammatory cascades and neurodegenerative processes. In particular, we 

have further investigated the interaction of CERTL with the transcription factor STAT6. We have 

demonstrated that STAT6 and CERTL co-localize in the cytoplasm of the cells. However, we were 

unable to confirm the interaction with co-immunoprecipitation. CERTs are known to self-aggregate, 

in certain condition, compromising the interpretation of the immunoprecipitation results [9]. 

Nevertheless, we have showed that the expression of CERTL modulates the gene expression and the 
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protein levels of STAT6 and vice versa. Future studies could fruitfully explore these results, further 

trying to understand if CERTL can bind to DNA activating or repressing gene expression. Moreover, 

we showed that the presence of STAT6 and CERTL in cells modulate the SLs composition towards a 

reduction of short-chain ceramides and SM. Probably, the decrease in ceramide and SM is a 

consequence of an increase of S1P, known to have an anti-apoptotic and protective effect [10]. 

Future studies would need to explore the possible increase of S1P levels in the presence of CERTL 

and STAT6 in order to have a comprehensive picture of the pathways. Nevertheless, in line with 

previous findings the modulation of SLs upon the presence of CERTs and STAT6 might be of great 

importance in several pathophysiological conditions as for example AD or lipid storage disease [11] 

[12]. Overall, these promising results, together with the important function of CERTL STAT6 and SLs 

in immune reactions and neurodegenerative processes, would open up new research on new 

treatment avenues for brain diseases.  

Based on the results of the chapter 4, we acquire a better understanding on the underling role of 

SLs in inflammatory processes with a focus on AD. Therefore, in chapter 5 we have summarized the 

current available knowledge of SL species and their implications in neuroinflammation and 

neurodegeneration, in particular during AD. The review presents an integrated overview of the 

background concerning their properties and functions contributing to modulation of 

neuroinflammatory processes and neurodegenerative diseases. Moreover, we gave a 

comprehensive overview on compounds that are currently used to target SLs and their metabolites 

as promising molecules to treat neurodegenerative disorders and neuroinflammatory events. 

As aforementioned, SL metabolism is strongly involved in the onset and progression of 

neurodegenerative processes. Therefore, in chapter 6, we have examined the current state of 

knowledge regarding the implication of SLs and CERT in neurodegeneration and which are the 

current promising molecules available in the clinic and in clinical research targeting the SLs and 

aiming to revert the pathology of AD. In AD, in fact, the excessive ceramide levels contribute to the 

pathology of the disease while ceramide metabolites, in particular S1P, seem to be protective [13]. 

Therefore, lately, several studies revealed that targeting SLs metabolism, specifically reducing 

ceramide levels and increasing S1P concentration, can be a valid therapeutic approach in AD [14]. 

This review allowed us to critically examine the available potential drugs targeting SLs and make 

new working hypothesis on how to treat AD modulating the SL pathway. 
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Since the involvement of SLs in the pathophysiology of the disease is becoming largely evident [15] 

[16] [17] in chapter 7 we provided more insight into the genes and mechanisms behind the 

dysregulation of specific SL pathways in AD. We were able to identify SL-related genes differentially 

expressed in AD patients which also display multiple types of epigenetic alterations affecting 

different cytosine states, corroborating the relevance of SL alterations in AD. In this chapter we 

revealed a significant enrichment of SL-related gene expression alterations in the middle temporal 

gyrus (MTG) of AD patients in comparison to age- and sex-matched controls. Given the results from 

previous studies showing significant alterations of SL-related genes in AD patients, we aimed to 

provide a more comprehensive and detailed characterization of these alterations at the gene 

regulatory network level.  

The data presented here may serve as a starting point to help filling the current knowledge gaps 

concerning the role of SLs in AD. Follow-up studies using extensive molecular profiling analyses 

across multiple brain regions in combination with perturbation experiments using in-silico and in-

vivo AD models are needed to obtain a more comprehensive characterization and mechanistic 

understanding of the role of SLs in AD. Proteomic and lipidomic analysis could be performed in order 

to have a complete picture of dysregulation in the MTG of AD patients.  

Conclusions and future prospective 

In conclusion our findings suggest that SLs and SL transporters have a key role in modulating 

different biological pathways ranging from physiological cascades to pathological events.  

First, we demonstrated that CERTs can influence EV formation and control their lipid composition 

and that this modulation is dependent on the ceramide production. Our findings open a new area 

for therapeutic strategies aimed to reduce biogenesis and sphingolipid enrichment of EV in disease 

condition of the brain. 

Moreover, we have shown that CERTs are localized in the lipid rafts, and CERT targeting antibodies 

could potentially be used to monitor membrane dynamics and lipid rafts composition.  

Secondly, we have then showed that CERTs are binding partner of several proteins, present in the 

brain and already known to participate in neuroinflammatory events and neurodegenerative 

processes. Moreover, we have shown that CERTs co-localize with STAT6, a transcription factor 

involved in adaptive immunity by transducing signals from extracellular cytokine in an immune 

response [18]. The overexpression of both proteins in the cell leads to a modulation of the CERTL 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cytosine
https://www.sciencedirect.com/topics/medicine-and-dentistry/nuclear-membrane
https://www.sciencedirect.com/topics/medicine-and-dentistry/middle-temporal-gyrus
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and STAT6 gene expression and a downregulation of ceramide and sphingomyelin levels. Our 

preliminary findings, shows that CERTs can modulate the microglia activation status, lowering their 

pro-inflammatory phenotype. The interaction and downstream effects of the STAT6 and CERTL 

complex, might act as a “switch-on” for several genes that potentially activates an anti-inflammatory 

and an anti-apoptotic signal. Future research should further develop and confirm these initial 

findings by analysing the interaction STAT6-CERT in different cell types. For example, myeloid cells 

or brain resident macrophages could be used as cell models in order to assess a putative role of 

CERTs and SLs in inflammation. Additionally, it would be important to develop new animal models. 

Furthermore, we showed that SL-related genes are differentially expressed in AD patients displaying 

multiple types of epigenetic alterations and affecting different cytosine states, corroborating the 

relevance of SL alterations in AD. Our integrative analyses have revealed novel candidate AD-

associated genes strengthening the hypothesis that the regulation of SLs and their metabolism is a 

key event in the exacerbation of the disease. CAV1, for example, is one of the genes that seems 

having a key role in reversing the disease. CAV1 has been linked with alterations in AD and 

inflammatory pathways. Our results open up new research lines investigating the connection 

between the CAV1 dysfunction in AD and inflammatory pathways. Cell or animal models, knock-

out/in studies could be used to address possible role of CAV1 in AD. As lipid binding protein, CAV1 

could be potentially used as a pharmacological target to treat AD. Importantly, future studies should 

aim to replicate these results in larger cohorts and to investigate the possible dysregulation of SLs 

related  

All in all, my work provides some insight on the involvement of lipids and lipid transporters in 

pathophysiological mechanisms in the brain.  
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According to the WHO around 55 million people in the world are suffering from dementia. It is 

estimated that 1 in 5 people will experience it in their lifetime. Alzheimer's disease (AD), the most 

common form of dementia, is a life-threatening disease of the aged population for which there is 

no cure.  AD is a devastating, progressive neurodegenerative disorder that has an enormous 

personal and financial impact on individuals, families and society. Currently, over 40 million people 

suffer from AD worldwide, and the number is expected to increase to more than 100 million by 

2050, threatening to grossly overburdening the healthcare systems and the socio-economic sectors 

of western countries [1].  

In the brain of an AD patient, it is possible to identify diverse molecular events that lead the 

neurodegenerative process. Among them, beside accumulation of proteins and inflammatory 

events, there is a disbalance of lipid levels.  

The brain is largely composed of lipids which play fundamental roles in the biochemical, structural 

and physiological regulation of the central nervous systems (CNS) such as energy storage, insulation, 

cellular communication and protection [2].  

Professor Thudicum, in 1890 described for the first time a particular class of lipids very abundant in 

the brain, the sphingolipids. Since then, thanks to advancement in new technologies, many studies 

have been carried out in order to understand the role and the metabolic changes of these structural 

lipids in healthy and diseased brains. In fact, the production and maintenance of the concentration 

of lipids are highly regulated processes fundamental to keep a healthy brain. When this balance is 

disrupted, a brain disorder, such as AD, might arise.  Furthermore, as a cause- consequence of that, 

the network of proteins (e.g. sphingolipid transporters) and small molecules that governs this lipid 

balance, is also often disrupted in the brain of neurological patients. 

Therefore, detecting lipid disbalance and the disrupted network of proteins and enzymes involved 

in the synthesis, degradation and regulation of lipids in the brain of patients suffering from AD, can 

be used as a powerful tool to prevent or intervene in this disease in order to reduce its un-estimated 

burden.  

Exchange of novel findings on lipid metabolism within the scientific community, pharmaceutical 

companies and commercial parties would be of great help to understand basic mechanisms driving 

pathological events during neurodegeneration. Dissemination of knowledge trough seminars, 
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conferences, publications, or newspapers would be beneficial in order to reach a wider audience 

and impact.  

Particularly crucial is that all relevant findings will be communicated with appropriate stakeholders 

that may benefit. In particular: 

• Patients suffering from diseases associated directly or indirectly with 

neurodegeneration/dementia 

• The general public by dissemination of the knowledge about SL, evidence-based and 

personalized medicine 

• Medical experts by gaining insight into and access to state-of-the-art of therapeutic and 

diagnostic options, reducing health care costs 

• Early-stage researchers 

• Industries as novel biomarkers and diagnostics tools will allow more focused clinical trials 

to identify early signs of dementia and patients’ subpopulations that might potentially 

profit from a sphingolipid metabolism drug 

• The knowledge generated can help to understand other neurodegenerative diseases with 

similar underlying pathogenic mechanisms  

My research opens new opportunities for possible clinical trials of therapeutic opportunities, 

commercialization of assays and new drugs. In line with this, the implementation of these results in 

further research, by public organizations or private companies, can be beneficial to provide major 

societal and economic advantages.  

Targeting lipids and the associated proteins pharmacologically, would, therefore, possibly mean to 

resolve AD and decrease the huge impact that neurogenerative disorders are bringing to societies 

and global economy. 

Moreover, since it has been shown that sphingolipid disbalance characterizes other CNS disorders, 

lipid studies will in the future also benefit not only other forms of dementia, neurodegenerative 

(Huntington’s, Parkinson’s, ALS) and neuroinflammatory (multiple sclerosis) diseases but also other 

neurological diseases depression and schizophrenia.  

Therefore, the studies reported in this thesis, were conceived and designed in order to tackle and 

to fill the knowledge gap on the roles of sphingolipids and sphingolipids transporters intent to 

develop possible biochemical and pharmacological targets for fighting neuroinflammation and AD. 
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The results reported in chapter 2 and 3 assessed the biological role of lipid transporters as part of 

the EV machinery. Since many years, EV are studied to be used as pharmacological cargo to target 

specific physiological cascades or pathological triggers. Having unravel that sphingolipid 

transporters are able to modulate EV content, opened up new strategies to control EV composition, 

that could be used to treat several neurological diseases. 

The data generated in chapter 4, strengthen the hypothesis of the role of CERTs in inflammatory 

processes and neurodegeneration. In fact, we have demonstrated that CERTs bind to several 

proteins involved in immune response, oxidative stress and neurodegenerative processes. We have 

also showed that, the co-expression of CERTs and STAT6 modulates the sphingolipid balance. 

However, at this stage, these results are too preliminary, and further research needs to be done in 

order to validate, reproduce and concretize these findings. Nevertheless, this knowledge is of great 

help to earmark triggers during neurodegeneration or unravel pathological pathways involved in 

neuroinflammation that can be used as possible target to resolve AD. 

Previous studies showed that there is a correlation between disbalance in sphingolipid 

concentration and exacerbation of AD, however, it is still unclear in which extent the genes and 

proteins in the lipid network are dysregulated. Therefore, in chapter 7 we studied how and which 

the genes involved in sphingolipid pathways are altered in AD patients. We have showed that 

several genes, mainly linked to cholesterol and membrane lipids genes, are dysfunctional in 

patients with AD. These findings could open up new research opportunities to investigate the role 

for these genes in the progression of AD.  This study contributed to take a comprehensive picture 

on the genetic regulation of sphingolipid metabolism during the exacerbation of the AD.  

Overall, in this thesis we have generated fundamental knowledge about the lipids and lipid 

transporters and how they affect membrane dynamics, immune alterations, and 

neurodegeneration.  These findings on lipid metabolism and transporters could be seen as a small 

piece of a bigger puzzle where neurological disorders belong to. 
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